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Stability  in  guidance  and  control  can  be  illustrated  by  the  Tollowing  examples; 

i 

—  Air  vehicles  subjected  to  atmospheric  instabilities  (particularly  downbursts  and  windshears),  including  flight  control  in 

downbursts,  detection  of  downbursts  from  the  ground  or  by  airborne  systems,  and  aircraft  guidance  to  avoid  them.  i 

—  Control  of  fighters  at  high  angles  of  attack  which  may  become  unstable  due  to  a  bifurcation  point  beyond  which  their 
behaviour  becomes  unpredictable,  though  belonging  to  the  deterministic  domain. 

—  Control  of  laminar-turbulent  transition  for  high  performance  aircraft  (subsonic  and  supersonic),  including  improvement  of  ■ 

.stability  by  control  of  transition,  and  the  impact  of  fully  laminar  flow  on  aircraft  control. 

The  concept  of  stability  also  needs  to  be  looked  at  from  a  theoretical  point  of  view  —  for  example,  the  impact  of  uncertainties  in 
initial  conditions  on  system  behaviour.  This  has  links  with  the  concept  of  model  robustness. 

The  programme  was  as  follows; 

hr  Session.  Fundamental  aspects  of  stability  with  examples; 

The  dilemma  of  stability  vs.  manoeuvrability  and  its  consequences  on  military  ano  civilian  aircraft;  stability  and  controllability  of 
non-linear  systems;  various  types  of  stability  of  an  equilibrium  state. 

2nd  Session.  Basic  theoretical  aspects  and  chaos; 

Newtonian  mechanics  and  thermodynamics;  transition  from  stability  to  chaos;  boundary  layer  control  on  a  wing  or  fuselage, 
stabilisation  of  an  unstable  aircraft  (decoupling  of  the  controls  of  aircraft,  helicopters,  or  convertibles). 

2rd  Ses.sion.  Applications  of  aerospace  techniq'.ies; 

a)  External  parameters;  the  atmosphere,  turbulence,  windshears  and  downbursts;  their  detection  and  modelling  (methods  of 
detection  —  whether  ground  or  air  based  —  the  information  processing  of  the  data  collected);  control  laws  when  flying 
through  atmospheric  disturbances;  criteria. 

b)  Control  of  the  flow  around  wings  and  fuselage.  Cl  and  C^  variations  with  boundary  layer  effects.  Stability  of  a  spin. 

Prediction  of  the  instability  and  consequences  for  vehicle  guidance. 
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Les  problemes  de  stabilite  dans  Ibptique  du  guidage  et  du  pilotage  peuvent  etre  illustres  par  les  exemples  suivants: 

—  Vehicules  aeriens  soumis  aux  instabilites  atmospheriques  (particulierement  les  cisaillements  de  vents)  incluant  le  controle  du 
vol  dans  un  "downburst”  ainsi  que  la  detection  de  ceux-ci,  soit  du  sol,  soit  a  bord  de  ''avion,  et  le  guidage  de  I’avion  pour  eviier 
ces  phenomenes. 

—  Controle  des  chasseurs  a  des  tres  grandes  incidences  qui  peuvent  devenir  instables  a  cause  de  “bifurcations"  derriere 
lesquelies  le  comportement  des  vehicules  devient  imprevisible,  bien  qu’appartenant  au  domaine  “determine”. 

—  Controle  de  la  transition  laminaire-turbulent  pour  les  avions  a  hautes  performances  (subsoniques  ou  supersoniques). 
incluant  I'amelioration  de  la  stabilite  grace  au  controle  de  la  transition  et  I’impact  d’un  ecoulement  totalement  laminaire  sur  le 
comportement  dc  I’avion. 

Le  concept  de  stabilite  doit  etre  egalement  considere  d'un  point  de  vue  theorique,  par  exemple,  en  examinant  les  consequences 
des  incertitudes  sur  les  conditions  initiates  sur  le  comportement  du  systeme.  Ce  probleme  est  lie,  d'ailleurs.  au  concept  plus 
general  de  la  "robustesse”  d'un  modele. 

Le  programme  de  I’atelier  a  ete  le  suivant; 

lere  Session.  "Aspects  fondamentaux  de  la  stabilite  et  exemples” 

,  .e  dilemme  stabilite/manoeuvrabilite  et  ses  consequences  sur  la  stabilite  des  aeronefs  civils  et  militaires;  la  stabilite  et  la 
pilotabilite  des  systemes  non-lineaires;  differents  types  de  stabilite  d'un  “point”  d'equilibre  (etat). 

2eme  Session.  ‘Aspects  theoriques  fondamentaux  et  chaos” 

Mecanique  newtonienne  et  thermodynamique;  transition  stabilite/chaos;  controle  de  la  couche  limite  sur  une  aile  ou  un 
fuselage,  stabilisation  d’un  avion  instable  (decouplage  des  commandes  dans  un  avion,  un  helicoptere  ou  un  convertible). 

Jeme  Se.s.sion.  “Applications  aux  techniques  aerospatiales" 

a)  Les  parametres  externes;  I'atmosphere,  la  turbulence,  les  cisaillements  de  vents  et  les  "downbursts”;  leurs  detecteurs  et  leur 
modelisation  (methode  de  detection  —  sol  ou  aeroportee  —  el  traitement  de  I'information  collectee);  lois  dc  controls  en  vol 
en  atmospheres  tres  turbulentes;  criteres. 

b)  Controle  de  I'ecoulement  autour  des  ailes  et  du  fuselage;  et  Cx  lor.squ'on  prend  en  compte  la  couche  limite;  stabilite  d'un 
avion  en  vrille;  prediction  de  I'instabilite  et  consequences  pour  le  guidage  du  vehicule. 
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INTRODUCTION 


by  Dr  M.J.  PELEGRIN,  Programme  Committee  Chairman 


Is  stability  a  measurable  quantity  -  like  mass  or  an 
identifiable  quantity  -  like  temperature?  There  are  many 
definitions  of  stability,  sometimes  contradicioryr  in  fact, 
it  is  a  subjective  quantity  which  should  be  defined  in  the 
context  of  the  theme  considered.  The  reference  system  in 
which  the  system  evolves  should  be  defined;  stability 
may  exist  in  a  given  reference  system,  but  no  longer 
exists  in  other  reference  systems.  Stability  seems  to  be  a 
dominant  factor  for  aircraft  or  missile  control  -  or  any 
type  of  vehicle.  However,  stability  and  manoeuvrability 
are  two  opposing  factors  which  intervene  in  aircraft 
control:  for  civilian  aircraft  stability  is  the  dominant 
factor;  for  military  aircraft  or  missiles  manoeuvrability  is 
the  dominant  factor.  The  above  are  some  of  the  reasons 
which  led  to  the  organization  of  a  Workshop  on 
"Stability"  for  the  AGARD  community. 

Basically,  stability  is  related  to  irreversibility  which 
means  energy  dissipation  for  linear  systems,  but  linear 
systems  are  very  rare  though  they  also  often  represent  a 
suitable  approximation  of  non  linear  systems.  Stability  is 
also  a  matter  of  accuracy.  Let's  take  the  earth’s  rotation: 
is  it  stable  or  unstable?  This  question  has  no  meaning 
until  the  range  of  accuracy  we  arc  looking  for.  and  in 
fact,  the  whole  context  is  specified.  Due  to  the  accuracy 
of  existing  atomic  clocks,  it  is  demonstrated  that  daily 
variations  are  of  the  order  of  1ms  yearly  or  pluri-annual 
variations  of  the  order  of  tens  of  ms.  occur  in  a  pseudo 
periodic  manner.  However,  the  angular  velocity  is 
necessarily  decreasing  on  a  long-range  basis;  this  is 
mainly  due  to  the  water/earth  friction  of  tides.  In  the  pre- 
Cambrian  period  (400  M  years)  the  day  was  LI  hours! 
What  has  been  said  about  the  angular  velocity  of  the 
earth  could  also  be  said  about  the  direction  of  the  earth's 
momentum.  At  the  pole  the  trace  of  the  rotational  vector 
moves  continuously  in  a  circle  of  about  2m  in  diameter. 
However,  for  ail  human  activities  the  earth’s  rotation  is 
considered  (except  by  some  astronomers)  as  stable. 

Poincare  in  the  1870s  studied  stability  for  non- 
autonomous  and  autonomous  problems.  Ljapounov  in  the 
1 900s  introduced  a  way  of  proving  whether  or  not 
stability  was  sufficient,  but  not  the  necessary  conditions. 
Thereafter  the  behaviour  of  a  system  in  the  vicinity  of  an 
"equilibrium  point"  was  studied  in  detail  (Poincard)  and 
equilibrium  points  or  "singularities"  were  classified  as 
nodes-summits-focus-saddle. 

A  variety  of  possible  behaviour  in  the  vicinity  of  a  point, 
the  limit  cycles,  which  can  be  stable  or  unstable,  were 
introduced;  they  generalized  the  stability  point  by  letting 
a  periodic  motion,  normally  of  a  .small  amplitude,  around 
the  stability  point  (in  the  phase  plane  or  space). 


Recently,  new  vocabulary  has  been  intfoduced:  strange 
attractor  instead  of  equilibrium  point  or  limit  cycle. 

All  chapters  of  physics  are  affected  by  the  concepts  of 
stability.  Mechanical  systems  were  the  first  to  be  affected 
by  Poincard’s  approach.  Theories  and  studies  concern 
non  linear  systems.  All  that  can  be  said  about  linear 
systems  has  been  said  at  the  present  time.  No  global 
solution  is  expected.  The  robustness  concept  of  a  control 
system  is  an  extension  of  linear  systems  studies.  This 
concept  is  important  for  applications  in  industry  or 
vehicle  control.  Robustness  can  be  defined  as  the 
capacity  (capability)  of  coping  with  the  specified 
performances  in  spite  of  some  unknown  concerning  the 
parameters  which  define  the  system  to  be  controlled  -  or 
sometimes,  the  controller  parameters  themselves. 
Obviously,  a  linear  differential  equation  with  such 
uncertainties  on  coefficients  is  no  longer  a  linear 
equation.  In  fact,  even  in  the  beginning  of  linear  system 
studies  "phase  margin"  and  "gain  margin"  were  used  to 
compensate  for  some  errors  in  the  system  description. 
Nowadays  more  elaborate  techniques  such  as  H„ 
optimization  enables  us  to  deal  with  multi-input,  multi¬ 
output  systems. 

The  stability  concept  is  widely  used  in  thcnnodynamics. 
at  least  before  statistical  thermodynamics  came  into 
being.  IiTcversibility  -  at  least  from  a  practical  point  of 
view  -  leads  to  the  entropy  concept,  which  simply  says 
that  "in  an  autonomous  system  entropy  can  only 
increase".  hTeversibility  is  no  longer  accepted  as  a 
universal  law  in  slalislical  thermodynamics,  namely  those 
who  study  "chaos".  Maxwell's  devil  could  operate  ...  if 
we  wait  an  appropriate  very  long  time. 

We  can  probably  say  that  the  dilemma  "stability- 
instability"  has  mainly  progressed  in  fluid  mechanics, 
aero  and  hydro  dynamics  and  spectacular  (in  both 
meanings  of  the  word)  results  arose  from  the  Bernard’s 
curls;  they  directly  derive  from  a  non-organized 
structure;  order  came  up  from  disorder!  If  the  heating  of 
the  lluid  is  adjusted,  it  can  be  stable  as  long  as  we  do 
not  modify  the  heat  transfer  (it  is  a  non-autonomous 
system). 

Nonetheless,  in  this  domain,  the  aerodynamic  flow 
around  a  wing  can  be  stable  though  instability  may 
locally  appear  in  the  boundary  layer:  during  a  "normal 
flight"  the  boundaiy  layer  becomes  turbulent  (i.e.,  locally 
unstable)  somewhere  between  one-half  or  two-thirds  of 
the  wing  chord.  Buffet  phenomena  is  due  to  the  escape 
of  curls  from  the  boundaiy  layer,  a  phenomena  which 
should  be  avoided  for  aircraft  performance  and  passenger 
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comfort.  Rutter  phenomena  which  is  very  dangerous,  is 
due  to  aero-elastic  coupling  between  air-flow  and  wing 
elasticity:  it  appears  when  the  frequencies  of  2  modes 
converge  to  a  unique  frequency  (normally  the  1st 
bending  and  1st  torsion  modes).  This  is  typically  a  ca.se 
of  instability  which  can  gradually  arise  from  stability 
when  some  flight  parameters  vary  (velocity  and/or  load 
factor). 

Stability  -  or  instability  -  has  also  a  meaning  in  static 
structures  (bridges  buildings,  dams,  earth 
embankments,  ship  or  aircraft  structures,  etc.)  when  loads 
reach  a  given  value:  this  is  the  buckling.  Even  in  the 
earth's  crust,  instability  appears  (earthquakes).  Roughly 
speaking,  it  can  be  said  that  due  to  the  tectonic  plate 
motions,  when,  in  a  given  location,  the  friction  constraint 
is  surpassed,  the  sliding  effect  or  the  elastic  deformation 
of  a  part  of  ground  is  suddenly  transformed  into  a  jump. 

Many  other  subjects  could  be  mentioned.  To  conclude,  I 
would  like  to  briefly  mention  atmospheric  conditions. 

Has  stability  a  meaning?  Probably  not,  though  in  many 
countries,  like  those  in  the  temperate  zone,  weather  has  a 
certain  degree  of  stability:  if  you  say  "Tomorrow  the 


weather  will  be  be  like  today's"  you  arc  not  making  a 
bad  forecast!  (The  probability  of  success  is  well  above 
50‘J?'  since  in  these  countries  weather  does  not  change 
every  day  -  a  certain  degree  of  stability  exists.)  Weather 
is  a  consequence  of  air  movement  over  the  world:  it 
should  be  predictable  as  for  any  system  for  which  the 
equations  are  known.  Unfortunately,  air  movement  is 
governed  by  partial  derivative  equations  -  they  are  known 
with  a  reasonable  certainty  -but  a  set  of  homogeneous 

initial  conditions  (3-D)  is _ to  be  acquired  even  by 

meteorological  satellites.  Meteorologists  proceed  by 
region  (they  use  some  grids,  ranging  in  size  from  a  few 
kilometers  to  hundreds  or  thousands  of  kilometers)  and 
try  to  start  with  coherent  sets  of  initial  conditions  on  the 
boundaries  of  these  grids.  The  computer  then  solves  the 
equations  and  they  arrive  at  a  coiTect(  ?)  prevision  for  24 
or  now  48  hours.  Their  goal  is  to  achieve  predictions 
with  the  same  degree  of  accuracy  for  a  72-hour  period 
before  the  end  of  the  century. 

This  Workshop  will  consider  these  questions  in  depth 
during  3  days.  The  programme  of  the  Workshop  is  given 
in  the  Table  of  Contents. 


^  The  Tacoma  suspension  bridge  which  collap.scd  on 
7  Nov  1940  was  subjected  to  a  relatively  low  wind 
(18.7  m/s).  It  was  a  typical  phenomena  similar  to 
flutter  (conjecture  of  2  vibrating  modes). 
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Mesdames,  Messieurs, 

Des  la  fin  du  I9e'iu-  siecle,  le  probleme  de  la 
stabilite  des  aeroplanes  a  ele  au  centre  des 
preoccupations  des  concepteurs  de  machines  el  des 
scientifiques  qui  se  penchaienl  sur  leurs  p’  ojets. 

Cel  interet  ne  s'est  pas  dementi  au  coars  du  siecle 
ecoule  depuis,  passant  de  la  recherche  de  la  stabilite 
"naturelle"  des  aeronefs,  a  la  recherche  du  contriile  de 
machines  inslables,  en  d'autres  termes  a  la  recherche  de 
la  stabilite  artificielle  ;  passant  de  la  necessite  de  reunir 
les  conditions  d'un  pilotage  praticable,  puis  siir.  a  des 
ambitions  plus  di verses. 

En  function  des  missions  des  aeronefs,  des  criteres 
empiriques  de  stabilite  ont  du  etre  definis,  differents 
pour  les  avions  de  transport  et  pour  les  aeronefs  de 
combat,  du  fait  d'exigences  contradicloires  en  termes  de 
maniabilite  et  de  stabilite.  On  se  contentera  de  citer  la 
recherche  relativement  recente  du  meilleur  compromis 
maniabilite-stabilite  aux  tres  hautes  incidences  - 
dcpassant  50”  -  pour  accroilre  les  possibililes  du  combat 
aerien. 

D'autre  part,  les  vehicules  reels  ctant  flexibles  et 
non  rigides,  la  mailrise  de  I'aeroelasticite  esl  vile 
devenue  un  defi  majeur,  avec  des  aspects  statiques,  et 
dynamiques  tels  que  le  flottemenl,  defi  d'autanl  plus 
grand  que  le  domaine  de  vol  s'elargissaitsanscesst. 

Enfin,  les  phenomenes  de  buzz  d'entree  d'air  ont 
limite  les  excursions  ^  Mach  eleve  ou  oblige  mettre  en 
place  des  disposi  li  fs  permettant  de  les  evi  ter. 

On  voit  qu'5  beaucoup  d'egards,  et  bien  plus  que 
d'autres  secteurs  d'activile,  I'aeronautique  a  dii  et  doit 
prendre  en  compte  la  notion  d'instabilite. 

J'ai  dit  "I'aeronautique",  je  devrais  dire  bien  sur 
"I'aeronautique  et  I'espace"  puisque  les  instabililes  de 
combustion  des  properguls  dans  les  propulseurs  des 
lanceurs  spatiaux  ont  caus^  bien  des  soucis,  ct  puisque 
dans  la  conquSte  de  I'espace,  en  raison  des  d^lais  de 
transmission  qui  peuvent  atteindre  plusieurs  minutes, 
les  systemos  spatiaux  doivent  ^tre  dot^s  d'une  large 
autonomie  et  done  avoir  recours  &  des  architectures  de 
contrble  boucle  fermee  dont  la  stabilite  doit  4tre 
assurde. 


I’our  surmonler  les  difficultes,  el  paralleleiuenl  .i 
la  recherche  de  palliatifs  empiriques,  les  Icnlatives  dc 
modelisation  des  phenomenes,  pour  mieiix  les  mailrist  r, 
se  sonl  developpees,  en  prenant  appui  sur  la  Lhcoric  cl 
les  simulations,  ce  qoi  esl  une  demarche  ciassiqoe.  Mais 
au  fur  el  a  mesure  que  les  difficultes  claienl 
surmonlces,  I'accroissement  recberi  he  du  domaine  de 
vol,  en  vitesse,  altitude  ct  incidence,  nccessitait  de 
nouveaux  efforts. 

I.es  prouesses  du  calcui  nuinerique,  la 
miniaturisation  des  organes  de  puissance  el 
I'augmenlation  de  leur  bande  passante  sunt  venues  a 
point  nomme  pour  permettre  effectivement  de  contrdler 
I'instabilite  dans  ces  domaines  elargis 

lln  vasle  champ  d’analyse  reste  neanmoms  a 
defricher  en  grande  partie  ;  celui  du  compurtemenl 
humain  el  de  I’inlerface  homme  machine,  l.a  tache  de 
pilotage  la  plus  frcquenle  esl  une  tache  de  poursuite  de 
cible  ;  au  sens  propre  lorsqu'il  s'agil  de  combat  aerien. 
au  sens  figure  lorsqu'il  s'agit  par  exemple  de  rejoindre 
une  plate  forme  d’atlerrissage  moiiiic  telle  que  le  pant 
d'un  porte  avions  par  iner  forte  I.es  limitations 
naturelles  de  I'homme  et  la  variahilite  de  ses 
caracteristiques  (fatigue,  sommeil.  distraction,  etc.)  font 
qu'on  n'a  pasfinide  parlerde  pompage  pilolc. 

l)c  grands  progres  ont  done  ete  accomplis  selon  un 
proccssns  faisanl  de  plus  en  plus  appel  a  la  recherche 
appliquee. 

Neanmoins,  et  en  parallele,  on  a  assiste  el  on 
continue  5  assister  ^  un  effort  soutenu  dans  le  domaine 
de  la  recherche  fondamentale  et  cn  particulier  dans  la 
recherche  des  regies  du  "chaos  delerministe”, 
auxquelles  peuvent  obeir  les  systemes  non  lineaires. 
avec  en  particulier  I'ambition  de  mieux  comprendre  au 
niveau  le  plus  fin  les  phenomenes  de  turbulence  et  les 
ecoulements  instationnaires,  sans  se  limiter  e  les 
modeiiser  au  niveau  macroscopique,  ou  &  repousser 
I'apparition  de  la  turbulence  de  couche  limite  par 
recours  &  des  moyens  empiriques. 

Votre  ordre  du  jour  refiete  les  deux  tendances  : 
recherche  fondamentale  et  recherche  appliquee,  de 
fa(;on  assez  ^quilihrde  d'ailleurs  ;  le  chaos  tient  une 
place  trfes  importante  dans  les  deux  premieres  sessions. 
La  troisi^me  session,  consacr^e  aux  applications,  se 
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preoCL'upe  essfntielleiiier.t  des  problenies  dc  controle  du 
vol  et  de  turbulence  avec  un  fort  accent  sur  le  vul  a  tres 
haute  incidence,  doniaine  oil  les  ex  sovietiques  peuvent 
apporter  detnain  le  fruit  de  If.  ■  experience,  et  qui 
repond  a  un  besoin  explicite  dc.^  '.lilisateurs  militaires. 

»* 

Cependant,  deux  questions  surgissent,  a  I'examen 
de  cet  ordre  dr  jour. 

1  1  premiere  concerne  le  passa(;e  au  stadc 
a  .  'h-atif  dans  I'acroiiaiitique  et  I'espace,  des 
recnerches  concernant  les  phenomenes  chaotiques  : 
Cette  echeance  est  elle  proche  ou  lointaine  ? 

Si  Ton  considerc  par  exetnple  la  transition 
laniinaire  turbulent.  I'anielioration  des  connaissances, 
par  la  vuie  experimentale,  ne  s'est  pas  acconipat;nee 
d’une  amelioration  des  methodes  pratiques  de  prevision, 
qu’il  s’agisse  des  transitions  par  by  pass,  ou  pour  les 
transitions  naturelles,  de  methodes  innovatrices  par 
rapport  a  celles  basees  sur  la  loi  dite  "en  e' ". 

Pour  ce  probleme  et,  plus  generalcment,  pour  une 
meilleure  comprehension  des  phenomenes  de 
turbulence,  faudra  t  il  attendee  les  progres  futurs  de 
I'informatique  pour  en  donner  une  representation  de 
plus  en  plus  fine  afin  d'apprehender  des  tourbillons  de 
plus  en  plus  fins  ?  Ou  une  autre  approche  est  elle 
envisageable  des  aujourd’hui  ? 

+** 

La  seconde  interrogation  se  situe  sur  un  autre 
plan.  Kile  est  liee  a  ce  que  j'appellerai  I'intrusion  de 
I'informatique  dans  le  traitement  en  temps  reel,  sur  les 
aeronefs,  Je:  pioblemes  de  stabilite  et,  plus 
generaletnent,  de  commandes  de  vol. 

Le  progres  apparemment  sans  limite  de  la 
puissance  des  calculateurs  conduit  a  faire  prendre  en 


charge  par  les  dispositifs  automatiques,  amortisseurs  ou 
amplificateurs,  un  nombre  croissant  de  variables  (non 
seulement  position  des  gouvernes  classiques,  mais 
nombre  de  gouvernes,  regime  moteur,  configurations, 
etc.)  dans  des  domaines  de  vol  de  plus  en  plus  grands, 
pour  optimiser  la  m a n ue u  v  r a  bi  I  i  tc  ou  les 
consummations. 

I,e'i  risques  auginentent  alors  :  risque  d’lTreurs 
dans  I'analyse  des  cas  susceptibles  d'etre  rencontres  et 
des  phenomenes  susceptibles  d'intervenir  :  risque 
d’erreurs  dans  la  realisation  des  logiciels  ;  a  ces  risques 
d'erreursou  d’omissions  s'ajoute  le  risque  d'introduction 
de  fausses  solutions  ;  la  simulation  numerique  de 
phenomenes  physiques  regis  par  des  equations  au.x 
derivees  p  .-tie) les  comportant  des  termes  non  lincaircs. 
peut  entraincr,  du  fail  de  la  discretisation,  des 
comportemenl  parasites,  c'esl  a  dire  d'origine  puremenl 
numerique.  Certains  centres  de  recherches  tentent  de 
progresser  dans  ce  domaine.  De  fa(,'on  plus  banale  il  >  a 
le  risque  de  converger  vers  une  solution  qui  n'esl  pas  la 
bonne  du  fait  de  la  non  unicile  de  solution  meme  si  les 
chIcuIs  sont  parfails.  Ces  risques  ne  sont  pas  seulement 
theoriques  ;  des  accidents  el  incidents  recenls.  qui  sont 
de  nature  a  faire  metlre  en  cau.se  les  logiciels.  onl 
sensibilise  les  bureaux  d’elude  des  construcleurs 

Un  grand  bebdomadaire  de  la  pressc  speciali.sce 
ainplifianl  le  mouvemenl  d'i nqu le tude .  lilrait 
receminenl.  sans  ambages  ;  "La  cumplexile  des  logiciels 
embarques  menace  la  sc  urile  d  .s  avions". 

On  pent  surloul  se  demander  s'il  sulTira  de  faire 
des  progres  dans  la  validation  des  programmes 
informaliques  des  calculateurs  de  bord,  suivanl  les 
precedes  actuellement  eprouves,  ou  si  des  reflexions 
plus  profondes  ne  s'imposenl  pas. 

Je  vous  remercie  de  voire  attention. 
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Figure  3  Sketches  of  typical  impulse  responses.  Single  traveling  wave:  (a)  stable,  (b) 
convectively  unstable,  (c)  absolutely  unstable.  Stationary  mode:  (d)  stable,  (e)  absolutely 
unstable.  Counterpropagating  traveling  waves:  (/)  stable,  (ff)  convectively  unstable,  (A) 
absolutely  unstable. 
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Sl.VLMARY 

Perhaps  die  single  most  important  lesson  to  be  drawn  from  the 
study  of  non-linear  dynamical  systems  over  the  last  few 
ticcades  is  that  even  extremely  simple  deterministic  dynamical 
systems  can  give  rise  to  complex  behaviour  which  from  a  sta¬ 
tistical  point  of  view  can  appear  completely  random.  This  phe¬ 
nomenon  is  frequently  referred  to  as  chaos.  One  of  its  obvious 
consequences  is  that  it  is  possible  to  describe  certain  apparently 
complex  signals  using  relatively  simple  non-linear  models.  This 
has  led  to  the  development  of  a  variety  of  novel  techniques  for 
the  manipulation  of  such  "chaotic"  time  series.  Initially,  these 
methods  concentrated  on  the  charactcri/ation  of  chaotic  signals 
using  invariants  such  as  fractal  dimensions  or  Liapunov  expo¬ 
nents.  Later,  attention  focused  on  the  possibility  of  predicting 
their  future  short  term  behaviour  and  this  in  turn  has  led  to 
algorithms  for  noise  reduction  in  time  scries  having  a  chaotic 
component. 

This  paper  begins  with  a  brief  description  of  the  basic  theoreti¬ 
cal  framework  for  analysing  chaotic  time  scries  and  then  goes 
on  to  discuss  recent  work  in  this  area  in  the  Long  Range  Re¬ 
search  Labtrratory.  As  a  particular  example  we  shall  show  how 
the  ability  to  make  short  term  predictions  of  chaotic  time  scries 
can  be  used  to  e.xtraci  .small  signals  from  a  complex  determin¬ 
istic  background.  Experiments  with  simulated  data  have  shown 
Lhat  it  is  possible  to  recover  signals  to  a  reasonable  accuracy  in 
situations  where  the  ratio  of  amplitudes  of  signal  to  chaotic 
background  is  as  low  as  10-5:1, 

1.  INTRODUCTION 

Until  recently,  the  subject  of  time  series  analysis  has  been 
largely  dominated  by  linear  mathematics  and  the  behaviour  of 
time  senes  has  been  modelled  by  linear  equations.  Unfortunate¬ 
ly.  many  natural  phenomena  arc  governed  by  fundamentally 
non-linear  laws  and  hence  such  linear  models  arc  often  unable 
to  describe  or  predict  their  behaviour  adequately.  As  a  result, 
conventional  signal  processing  has  for  many  years  been  ham¬ 
pered  by  its  underlying  assumption  of  linearity. 

The  main  rca.son  for  the  prevalence  of  linear  approaches  to  time 


series  has  been  that,  in  common  with  many  other  branches  of 
mathematics,  the  passage  from  linear  to  non-linear  is  a  difficult 
one.  Nevertheless,  the  last  few  years  have  seen  rapid  progress 
in  non-linear  time  series  techniques.  One  of  the  main  reasons 
for  this  has  been  the  enormous  advances  made  in  the  field  of 
non-linear  dynamical  systems.  Perhaps  the  most  important  of 
these  has  been  the  realization  that  even  simple  determin  Stic 
non-linear  dynamical  systems  can  give  rise  to  complex  be¬ 
haviour.  Such  behaviour  is  often  stati'  'cally  indistinguishable 
from  that  produced  by  a  completely  i  idom  process  and  as  a 
consequence  has  come  to  be  referred  to  as  chaotic.  A  simple 
example  is  given  in  Figure  1,  which  shows  a  time  series  {xnl 
obtained  from  the  so  called  Henon  map 

Xn»l  =  1  -  L4(XnP  Vn  (la) 

yn»i  =  ().3xn  (Ib) 

Deterministic  chaos  of  this  kind  occurs  naturally  in  many 
different  non-linear  mechanical,  electrical,  and  clecu-onic  sys¬ 
tems.  Its  existence  forces  us  to  drastically  rethink  our  notions  of 
stability  and  predictability.  As  regards  the  former,  within  the 
traditional  linear  context  stability  implies  bounded  behaviour 
and  vice  versa.  In  particular,  if  we  do  not  wish  our  system  to 
diverge  to  infinity  (which  id  likely  to  have  unpleasant  conse¬ 
quences),  we  are  forced  to  design  a  linear  system  to  be  stable. 
By  contrast,  the  behaviour  shown  in  Fig.  1  is  unstable  (see  be¬ 
low)  but  still  bounded.  Hence  non-linearity  may  allow  future 
system  designers  the  freedom  to  drop  the  requirement  of  stabil¬ 
ity  if  all  they  are  interested  in  is  a  bounded  operating  regime. 
Potentially,  there  could  be  substantial  advantages  in  using  the 
■"■.hcrent  iastability  of  chaotic  systems  to  obtain  faster  response 
lO  control  parameters.  We  shall  discuss  this  briefly  in  §7  below. 
Turning  now  to  the  issue  of  prediction,  chaotic  lime  scries  such 
as  Fig.  1  typically  have  continuous  broadband  power  spectra. 
Classically,  they  would  thus  be  modelled  by  a  linear  stochastic 
process,  such  as,  for  example,  an  autoregressive  moving  aver¬ 
age  (ARMA)  model: 


Figure  1 .  Sample  chaotic  time  series  (xn)  derived  from  the  H6non  map  in  equation  1 . 


k  1 

Xn  =  ao  +  ^  ajXn-j  +  ^  b/n-j  (2) 

j=l  j=0 

Here  €n  is  a  sequence  of  uncorrelated  random  variables  and  the 
a,  and  bi  are  the  parameters  of  the  model.  Such  a  model  as¬ 
sumes  that  the  complexity  seen  in  Fig.  1  is  due  to  the  random¬ 
ness  represented  by  the  Cn  and  hence  leads  to  rather  poor  esti¬ 
mates  of  the  future  behaviour  of  Xp.  By  contrast,  as  we  shall  see 
below,  considerable  progress  has  been  made  in  the  last  few 
years  in  developing  non-linear  prediction  schemes  which  are 
able  to  make  extremely  good  short  term  forecasts  of  chaotic 
times  series,  even  when  the  underlying  dynamical  equations 
(such  as  Eq.  1)  are  not  known.  Such  prediction  algorithms  in 
turn  can  be  used  as  the  basis  of  novel  techniques  for  signal  pro¬ 
cessing  including  filtering,  noise  reduction  and  signal  separa¬ 
tion. 

2.  CHAOS  AND  IN.STABILITY 

Before  we  describe  some  of  these  algorithms,  we  wish  to  exam¬ 
ine  what  exactly  we  mean  when  we  call  a  system  chaotic  and 
what  tins  implies  about  its  stability.  At  first  sight  it  might  seem 
strange  that  a  simple  deterministic  system,  such  as  that  given  by 


Eq.  1,  should  lead  to  such  apparently  complex  behaviour  as  that 
shown  in  Fig.  1.  The  principal  mechanism  behind  this  phe¬ 
nomenon  is  the  extreme  sensitivity  of  such  systems  to  their  ini¬ 
tial  conditions.  To  illustrate  this  we  slightly  perturbed  the  initial 
conditions  (xo.yo)  used  to  generate  Fig.  1  to  give  (x'ay'o)  where 
x'o  =  xo  -r  10-*  and  y'o  =  yo  +  10-*.  Figure  2  shows  the  resulting 
time  series.  Although  the  gross  features  of  Fig.  1  and  Fig.  2  are 
very  similar,  careful  inspection  will  show  that  Xp  and  x'p  rapidly 
diverge.  This  is  much  more  apparent  in  Figure  3  where  we  plot 
log  I  Xp  -  x'p  1.  We  see  that  for  about  the  initial  50  iterations  log 
I  Xp  -  x'p  I  increases  more  or  less  linearly  until  there  is  essen¬ 
tially  no  correlation  left  between  Xp  and  x'p. 

It  mms  out  that  for  sufficiently  small  perturbations  the  distance 
between  (xp.yp)  and  (x'n,y'n)  always  grows  exponentially  with 
ii.  This  effect  is  known  as  exponenlial  divergence  of  trajecto¬ 
ries  and  is  characteristic  of  chaotic  systems.  Indeed,  it  can  be 
used  to  define  chaos.  In  systems  which  exhibit  such  sensitive 
dependence  on  initial  conditions  any  small  perturbation  to  the 
state  of  the  system  is  rapidly  amplified  and  leads  to  a  complete¬ 
ly  different  future  evolution  of  the  system.  Such  systems  are 
thus  highly  unstable. 

This  phenomenon  also  places  strong  limits  on  the  long  term 
predictability  of  such  systems.  This  is  because  in  practice  we 
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Figure  2.  Time  series  derived  from  Eq.  1  and  modified  initial  conditions  (x'o, y'o). 

2 


2-3 


velocity  or  temperature.  Mathematically,  such  observables  will 
just  be  given  by  a  function  <p(u)  of  the  state  u.  We  shall  only 
treat  the  case  of  a  single  observable,  so  that  (p  is  real  valued,  but 
most  of  what  follows  is  equally  true  for  vector  valued  observa¬ 
tions  with  only  minor  modifications.  The  sequence  of  repeated 
observations  (p(Un)  that  we  make  as  the  system  evolves  in  time 
will  then  gives  us  a  time  series  Xn  =  ip(Un).  Thus,  in  the  example 
above  the  time  series  of  Fig.  1  is  obtained  from  the  Hmon  map 
using  the  rather  simple  observable  (p(ui  ,U2)  =  ui . 

Given  that  we  can  neither  observe  Un  nor  have  any  direct 
knowledge  of  f.  it  would  appear  at  first  sight  that  the  fact  that 
(xn)  is  generate  by  a  deterministic  system  is  of  little  use  to  us. 
In  particular,  it  would  seem  that  Xn,  being  one  dimensional,  can¬ 
not  contain  much  information  about  the  higher  dimensional 
variable  Un.  Remarkably,  this  inmition  turns  out  to  be  false  due 
to  a  powerful  result  known  as  the  Tokens  Embedding  Theorem. 
This  shows  that  for  most  systems  f  and  most  measurement 
functions  <p,  it  is  possible  to  reconstruct  u  and  f,  up  to  some  nice 
co-ordinate  change,  just  from  knowledge  of  the  time  series 
(xn).  More  precisely,  fix  some  integer  d  (called  the  embedding 
dimension)  and  consider  the  map  <t>  from  IR"*  to  IR'*  given  by 


Figure  4.  Plot  of  yn  against  Xn  for  the  Henon  map. 


<l>(u)  =  (((p(u),  ((Kfru)) . (pCP-Hu)))  (3) 


never  know  the  initial  state  of  the  system  to  infinite  precision. 
Any  errors,  no  matter  how  small,  in  the  determination  of  this 
state  will  grow  as  above  and  rapidly  render  our  long  term  fore¬ 
casts  meaningless.  We  thus  have  the  dichotomy  that  chaotic 
systems  arc  highly  predictable  in  the  short  term  (due  to  their 
deterministic  time  evolution)  but  completely  unpredictable  in 
the  long  term  (due  to  their  sensitive  dependence  on  initial 
conditions). 

Finally,  we  mention  that  although  locally  highly  unstable, 
chaotic  systems  often  posses  a  large  degree  of  global  stability, 
as  for  instance  illustrated  by  the  overall  similarity  between 
Fig.l  and  Fig.  2.  Indeed,  any  quantity  calculated  by  averaging 
over  the  whole  time  series  will  be  identical  for  these  two  figures 
and  for  a  wide  range  of  other  perturbations  to  (xo.yo).  Further¬ 
more  the  points  (Xn.yn)  are  severely  constrained  in  where  they 
may  lie  in  the  plane.  A  plot  of  Xn  against  yn  reveals  the  peculiar 
object,  called  a  strange  attractor,  shown  in  Figure  4.  All  orbits 
in  its  neighbourhood  rapidly  converge  to  it.  implying  a  global 
stability  to  the  dynamics.  A  perturbation  such  as  from  (xo.yo)  to 
(x'o.y'o)  initially  knocks  a  trajectory  off  the  attractor,  but  it 
rapidly  returns  to  it.  albeit  at  a  different  point.  Within  the  attrac¬ 
tor  itself  orbits  diverge  as  dc.scribed  above,  leading  to  the  sepa¬ 
ration  of  (xn,yn)  and  (x'n.y'n).  To  conclude,  we  thus  see  that 
chaotic  systems  exhibit  an  intriguing  mixture  of  both  stable  and 
unstable  behaviour. 


Then  the  Takens  theorem  11,2]  states  that  gencrically  if  d  >  2m 
-f  1.  then  <1>  is  an  embedding.  This  means  that  is  it  is  invertible 
on  its  image  and  both  <t>  and  <l>-i  are  smooth  (continuously  dif¬ 
ferentiable).  The  word  "generically"  here  is  a  precise  math¬ 
ematical  term  which  means  “for  all  typical  systems"  somewhat 
in  the  same  way  that  one  might  say  that  the  roots  of  a  typical 
polynomial  are  simple.  From  now  on  we  shall  always  assume 
that  we  are  in  the  typical  case. 

The  embedding  <t>  can  be  thought  of  as  a  smooth  change  of  co¬ 
ordinates  between  the  dynamics  given  by  f  and  the  time  evolu¬ 
tion  of  the  series  (Xn).  To  see  this,  define  the  map  K  on  IR<i  by 

F  =  (4) 

Thus  F  is  just  f  under  the  co-ordinate  change  given  by  <t>.  All  of 
the  co-ordinate  independent  properties  of  F  and  f  will  thus  be 
identical.  Then 


F(Xn-d,  lln-d+l»  •••.tln-l) 


F(«l>(u„)) 

<l>t.fc<J)-U(J>(Un) 

•H'ffUn) 

•tfUn+l) 

(itn-d+l,  Xn-d+2.  .-..Itn)  (5) 


3.  EMBEDDING  CHAOTIC  TIME  SERIES 

For  the  Henon  mw  of  Eq.  1  the  time  evolution  of  Xn  depends 
on  both  X  and  y.  Thus  to  generate  Fig.  I,  we  had  to  compute 
both  Xn  and  y„  for  n  =  1  ...  1000.  Similarly,  the  behaviour  of 
most  practical  systems  will  depend  on  more  than  one  slate  vari¬ 
able.  Thus,  typically,  the  slate  of  a  dynamical  system  at  lime  I 
will  be  described  by  a  vector  U|6  IR"’  whose  time  evolution  will 
be  given  by  a  law  such  as  Ut  =  P(oo),  where  uo  is  the  initial  state 
of  the  system.  Here  B  may  be  the  solution  of  a  differential 
equation  in  which  case  time  evolves  continuously,  or  as  in  the 
case  of  the  H£non  map  may  be  obtained  by  the  iteration  of 
some  single  map  f  from  IR"’  to  IR"’.  In  the  latter  case,  time  will 
advance  in  discrete  steps  n  =  0,1,2,...  and  we  have  Un«i  =  f(Un). 
Thus  f"  is  just  f  composed  with  itself  n  times,  so  that  f"*'  =  f”f" 
with  fi  =  f.  For  the  Hdnon  map,  f  is  given  by  r(u],U2)  =  ((I- 
1.4(ui)2-fU2),  0.3ui),  For  simplicity,  we  shall  restrict  ourselves 
for  the  remainder  of  this  paper  to  discrete  time  systems.  This 
will,  in  fact,  be  the  relevant  case  in  most  practical  applications, 
since  one  generally  makes  observations  of  the  system's  be¬ 
haviour  at  regular  time  steps.  Should  one  begin  with  a  continu¬ 
ous  lime  system,  one  can  always  reduce  to  the  discrete  time 
case  by  defining  f  to  be  for  some  sampling  interval  t  and  re¬ 
stricting  time  to  t  =  0,x,2x . 

In  most  practical  situations  we  will  have  no  direct  knowledge  of 
the  state  Un.  or  of  the  map  f.  Instead,  we  are  confined  to  m^ing 
measurements  of  one  or  more  observables  of  the  system  such  as 


Thus  F  just  advances  a  block  of  elements  of  the  time  series 
(xn)  forward  by  one  time  step.  The  importance  of  this  is  that 
whilst  f,  u  and  even  <I>  are  inaccessible  to  us,  the  map  F  oper¬ 
ates  purely  in  terms  of  the  lime  series  jxn)  and  is  thus  in  prin¬ 
ciple  completely  observable.  In  other  words,  despite  the  fact 
that  Xn  is  one  dimensional  whilst  Un  is  m-dimensional,  all  of  the 
important  information  about  the  behaviour  of  Un  is  actually 
contained  in  Xn.  It  is  this  fundamental  fact  which  lies  behind  all 
practical  schemes  for  processing  chaotic  time  series. 

The  first  d-1  co-ordinates  of  F  are  trivial,  since  they  just  consist 
of  copying  the  last  d-1  co-ordinates  of  its  argument.  All  the 
work  is  done  by  the  last  coordinate,  which  we  shall  denote  by 
G.  Thus 

F(yi,y2.  ....yd)  =  (y2.y3 . yd.G(yi.  y2.  ....ya))  (6) 

In  terms  of  the  time  series  |  Xn)  we  have 

G(Xn-d.  Xn-d*l . Xn-l)  =  Xn  (7) 

G  thus  predicts  Xn  in  terms  of  the  previous  d  values  of  the  time 
series.  We  can  think  of  this  equation  as  a  non-linear  autore¬ 
gressive  (AR)  model  for  (xn).  It  is  thus  similar  to  Eq.  2,  except 
that  we  have  removed  the  stochastic  terms  due  to  the  en  arid 
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replaced  the  linear  combination  adXn-d  +  ad-iXn-d+l  -t-  aixn-i 
by  the  non-linear  futKtion  G. 

In  general,  it  is  not  possible  to  give  an  explicit  expression  for  G. 
However,  due  to  the  particular  structure  of  the  Hdnon  map,  we 
can  in  fact  write  down  G  for  the  time  series  in  Fig.  1  in  closed 
form.  Thus,  from  Eq.  lb,  we  have  that  yn  =  0.3xn-i  and  substi¬ 
tuting  this  into  Eq.  la  we  get 

Xn+l  =  1  -  1.4(Xn)2  -I-  0.3xn-l  (8) 

In  this  special  case  it  is  thus  sufficient  to  take  d  =  2,  so  that  we 
have  d  =  m  rather  than  d  =  2m  -i-  1  required  in  the  general  case. 

The  most  serious  difficulty  in  applying  Takens's  theorem  is  that 
although  it  gives  an  upper  bound  on  the  value  of  d  required,  this 
bound  is  in  terms  of  m  which  will  usually  be  unknown.  In  prac¬ 
tice  d  therefore  has  to  be  determined  essentially  by  trial  and  er¬ 
ror.  One  possibility  is  to  compute  a  trial  G  for  each  value  of  d 
and  then  use  the  smallest  d  which  gives  a  good  fit  to  Eq.  7.  A 
better  method  is  to  look  at  some  simple  invariants  of  a  dynami¬ 
cal  system  which  characterir.e  its  complexity  and  also  give  a 
good  estimate  of  the  size  of  d  required  as  a  by-product 

4.  CHARACTERIZING  CHAOS 

Given  an  apparently  complex  time  series  {xn}  such  as  Fig.  1, 
how  do  we  tell  whether  it  has  come  from  a  deterministic  chaotic 
system  or  from  some  kind  of  stochastic  process  such  as  the 
ARM  A  model  of  Eq.  2?  A  variety  of  techniques  for  answering 
this  question  exist,  all  based  upon  the  Takens  embedding  de¬ 
scribed  above.  Thus,  from  the  scalar  series  (xn)  we  form  the  d- 

dimcnsional  orbit  ( Vnl  of  F,  where  Vn  =  (Xn.d,  Xn-d*t . Xn.i), 

so  that  F(vn)  =  Vn*i.  TTiis  process  is  called  embedding  {x^}  and 
is  similar  to  the  classical  time  series  method  of  delays.  As  men¬ 
tioned  above,  the  co-ordinate  independent  properties  of  (Vn) 
are  the  same  as  those  of  the  original  (unknown)  slate  space  orbit 
Un.  As  described  in  f  2,  the  chaotic  behaviour  of  such  an  orbit 
can  be  characterized  by  the  exponential  divergence  of  nearby 
trajectories.  Thus  if  u'n  is  a  small  perturbation  of  Un  we  expect 
to  see  that 


distance  of  e  of  each  other.  A  simple  calculation  shows  that  if 
all  the  points  v„  lie  randomly  on  some  curve  we  have  roughly 
C(£)  ~  £  for  large  N  and  small  t.  Similarly  if  the  Vn  lie  on  a  sur¬ 
face  we  get  C(£)  -  £2.  This  suggests  that  C(e)  behaves  exponen¬ 
tially  for  small  e  with  the  exponent  giving  the  dimension  of  the 
set  on  which  the  Vn  lie.  This  motivates  tlie  definition  of  the  cor¬ 
relation  dimension 

Dc  =  lim  (11) 

E-»o  loge 

The  quantity  C(£)  is  called  a  correlation  integral  and  several 
efficient  numerical  methods  exist  for  calculating  it,  even  for 
moderately  large  data  sets  (e.g.  N  =  10®)  [3,4].  To  evaluate  Dc 
we  then  plot  log  C(£)  against  log  e  and  estimate  the  resulting 
slope. 

So  far,  we  have  assumed  that  we  know  the  size  of  d  required  to 
embed  the  time  series  (Xn).  When  this  is  not  the  case,  we  pro¬ 
ceed  by  trial  and  error.  Thus,  we  calculate  a  correlation  dimen¬ 
sion  Dc(d)  for  each  trial  choice  of  d.  When  d  is  too  small  the 
set  [Vn)  will  completely  fill  IR®  and  we  will  get  Dc(d)  s  d  (we 
must  of  course  always  have  0  <  Dc(d)  S  d).  Conversely  once  d 
is  sufficiently  large  the  computed  value  Dc(d)  should  stabilize 
at  approximately  the  correct  correlation  dimension  of  f.  As  an 
example,  for  the  Henon  map  we  gel  Dc(l)  s  1  and  Dc(2)  = 
Dc(3)sDc(4)sl.21. 

When  Dc  is  not  an  integer,  as  in  this  case,  we  say  that  the  sys¬ 
tem  contains  a  strange  attractor.  This  is  usually  a  sign  of  chaos 
(as  indicated  by  a  positive  Liapunov  exponent),  although 
strange  non-chaotic  systems  do  exist  (but  are  currently  believed 
to  be  pathological). 

It  may  of  course  happen  that  Dc(d)  continues  to  grow  with  d. 
This  usually  suggests  that  the  time  series  [xn)  was  generated  by 
a  stochastic  process  rather  than  by  a  chaotic  dynamical  system. 
Thus,  for  example,  a  random  process  such  as  while  noise  will 
have  Dc  =  “».  Of  course,  we  would  also  get  this  result  if  the 
original  dynamical  system  f  was  genuinely  infinite  dimensional, 
but  from  many  points  of  view  such  a  system  is  indistinguish¬ 
able  from  a  random  one. 


|Un-“ni  - 


(9) 


for  some  constant  X,.  In  fact,  there  will  be  m  different  values  of 
X,  depending  on  the  direction  of  the  initial  perturbation.  These 
m  values  are  known  as  the  Liapunov  exportents  of  f  (3,4j  and  it 
is  usual  to  describe  f  as  chaotic  if  at  least  one  is  positive.  It  can 
be  shown  that  the  Liapunov  exponents  of  F  are  the  same  as 
those  of  f  and  at  least  in  priiKiple  an  estimate  of  the  exponents 
of  F  can  be  made  from  a  sufficiently  large  sample  of  (Vn). 

In  practice,  however,  the  Liapunov  exponents  are  rather  diffi¬ 
cult  to  compute  and  carmot  always  distinguish  between  a  de¬ 
terministic  lime  series  and  a  stochastic  one.  It  is  thus  preferable 
to  measure  a  quantity  called  the  correlation  dimension  Dc  (3, 
4].  This  attempts  to  measure  the  dimension  of  the  set  in  IR"’  on 
which  the  points  (Uni  lie.  In  some  sense  it  is  thus  a  measure  of 
the  complexity  or  number  of  variables  required  to  describe  this 
set.  If  ail  the  Un  are  identical  (so  that  all  the  x„  are  constant) 
then  Dc  will  be  zero.  If  they  lie  on  some  curve  then  Dc  will 
equal  1  and  if  they  fill  a  plane  it  will  equal  2.  At  the  other  ex¬ 
treme,  if  the  Un  completely  fill  IR"'  then  we  will  have  Dc  =  m. 
Intriguingly,  Dc  need  not  be  an  integer  (it  is  about  1.21...  for 
the  H^on  map)  and  is  thus  an  example  of  a  fractal  dimerLsion 
[3,4] .  As  with  the  Liapunov  exponents,  the  coaelation  dimen¬ 
sion  is  co-ordinate  independent  and  hence  is  the  same  for  t  and 
F.  It  can  be  estimated  from  a  finite  sample  (vi,  ...  ,vn)  as  fol¬ 
lows.  First  form  all  the  N2  possible  pairs  (Vi,Vj)  of  such  points. 
Calculate  the  Euclidean  distance  ry  =  |  Vi  -  vj  |  between  each 
pair.  Note  that  this  can  be  defined  in  terms  of  the  original  time 
scries  [xnj  by 


Vk-0 
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Now,  for  a  given  E,  let  N(£)  be  number  of  pairs  such  that  ru  i  £. 
Then  C(c)  =  N(£)/N2  is  the  proportion  of  pairs  of  points  within  a 


In  the  above  procedure,  the  smallest  value  of  d  at  which  Dc(d) 
begins  to  stabilize  yields  the  minimal  embedding  dimension  re¬ 
quired  to  adequately  represent  the  dynamics  of  the  system. 
Computing  the  correlation  dimension  in  this  way  thus  yields 
both  a  measure  of  a  time  series's  complexity,  and  an  estimate  of 
the  embedding  dimension  required  for  any  further  processing.  It 
is  thus  usually  the  first  step  in  analysing  lime  series  which  we 
suspect  might  have  been  generated  by  a  chaotic  system.  In 
practice,  lack  of  data  and  numerical  precision  limit  calculations 
to  about  d  <  10  (and  hence  Dc  5  10).  From  the  point  of  view  of 
this  paper,  therefore,  any  lime  series  with  Dc  appreciably  larger 
than  lO  can  be  treated  more  or  less  as  a  truly  random  one. 

5.  PREDICTION  OF  CHAOTIC  TIME  SERIES 

Having  identified  a  particular  time  series  (xn)  as  possibly  aris¬ 
ing  from  a  deterministic  system  and  obtained  an  estimate  of  d, 
the  next  step  will  usually  be  to  construct  an  approximation  of 
the  function  G.  This  in  turn  will  enable  us  to  predict  the  future 
behaviour  of  [xp],  or  perform  more  complex  processing  such  as 
noise  reduction.  This  is  essentially  a  problem  in  multi-dimen¬ 
sional  non-linear  function  fitting  and  any  number  of  different 
techniques  can  be  used,  ranging  from  piecewise  linear  interpo¬ 
lation  to  neural  networks  (e.g.  [5-9]).  We  shall  describe  one 
particular  method,  based  upon  radial  basis  function  interpola¬ 
tion  (e.g.  [  10])  which  seems  to  work  particularly  well  [8]. 

We  are  thus  seeking  to  calculate  an  estimate  (j  of  G,  based 
upon  a  finite  sample  [X],  ...,  x^]  of  the  time  series.  The  basic 
idea  behind  the  radial  basis  function  amnoach  is  to  choose  a 

finite  number  of  points  y(>) . ylMlg  R®  called  radial  basis 

centres  and  look  for  an  approximation  6  of  the  form  of 

M 

G(v)  =  ^p(|v-y‘'i)  (12) 

i=l 

where  p  is  the  so  called  basis  function,  M  is  some  norm  on  K® 
(typically  the  Euclidean  norm)  and  the  V  are  parameters  which 
determine  the  function  6. 
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In  Powell’s  original  approach  the  y(>)  are  chosen  from  amongst 
the  data  points  Vn,  so  that  yO)  =  v„(i)  (where  Vn  =  (xn-A  Xn^l■^l, 
...  .  Xn-i)  as  before).  Then  the  value  G  takes  at  the  points  yO)  is 
known,  and  it  is  reasonable  to  require  that  G(y(0)  =  G{y<>)). 
Substituting  this  into  Eq.  12  we  get  the  matrix  equation 

g  =  (13) 

where  g  =  (gi . gM)  with  gi  =  G(yW)  =  G(v„(i))  =  x„(i).  k  = 

(X] . Xjn)  and  y  is  the  MxM  matrix  with  entries 

=  p(|y'‘^-y‘"|)  (14) 

Note  that,  using  Eq.  10.  this  is  just  p(rnfi)ji(j)).  Thus  both  g  and 
“P  can  be  readily  computed  in  terms  of  {Xn|.  Remarkably,  for  a 
wide  choice  of  basis  functions  p,  the  matrix  S'  is  invertible  if 
the  y(i)  are  disjoint.  This  immediately  leads  to  the  solution  k  = 
'Pig. 

Figure  5  gives  an  example  of  the  application  of  this  algorithm 
to  the  Henon  time  series  from  Fig.  1.  The  basis  function  used 
here  was  p(r)  =  V(r2  -t- 10),  but  similar  results  are  obtained  with 
a  wide  choice  of  other  functions.  We  took  M  =  70,  with  n(i)  =  i 
for  i  =  1,  ...  ,  M.  Note  the  artificially  good  predictions  for  the 


first  70  {mints.  These  are  due  to  the  fact  that  the  Xi  are  chosen  to 
make  G  agree  with  G  exactly  for  these  points.  The  observed 
error  is  thus  simply  due  to  the  numerical  errors  arising  from  the 
numerical  inversion  of  4*.  The  average  of  the  prediction  error 
An  =  I  Xn  -  G(xn-2.Xn-l)  I  (ignoring  these  initial  points)  is  about 
1.2x10-5.  This  appears  to  be  largely  due  to  a  small  number  of 
very  poor  predictions  so  that  the  average  of  log  An  is  in  fact 
-7.1. 

Of  course,  the  prediction  error  shown  in  Fig.  5  is  the  result  of 
only  predicting  forward  one  time  step.  Thus  for  each  n,  we  try 
to  pr^ict  Xn  from  Xn-2  and  Xn-i.  As  we  shall  below,  this  is  pre¬ 
cisely  what  we  need  as  the  basis  for  noise  reduction  and  signal 
extraction  schemes.  In  other  cases,  however,  we  might  wish  to 
forecast  (xn)  further  forward  in  time.  As  we  have  already  re¬ 
marked  in  §2,  there  are  fundamental  limits  on  how  far  forward 
one  can  do  this,  due  to  the  exponential  separation  of  trajectories 
in  a  chaotic  system.  This  is  illustrated  in  Figure  6,  where  we 
plot  the  prediction  error  fin  =  I  Xn  -  Xn  I  for  multi-step  predic¬ 
tions,  always  predicting  from  the  same  point  Here  Xn 

is  defined  by  iterating  G  forward  from  this  point.  Thus  Xn  = 
G(Xn-2.Xn-l)  with  initial  conditions  (x7o,X7i)  =  (x7p,X7i).  Other 
details  are  as  for  Fig.  5.  We  see  that  the  error  rapidly  rises  so 
that  it  is  impossible  to  make  any  kind  of  prediction  beyond 


Figure  5.  Logarithmic  prediction  error  log  An  for  Henon  time  series  using  simple  radial  basis  function  scheme. 


Figure  6.  Multi-step  logarithmic  prediction  error  log  Un  for  H4non  time  series. 
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about  30  time  steps  ahead.  Notice  the  obvious  similarity  to  Fig. 

3. 

The  disadvantage  of  the  above  approach  is  that  the  number  of 
centres  M  is  always  equal  to  the  number  of  data  points  and  the 
computation  of  G  requires  the  inversion  of  an  MxM  matrix. 
This  severely  limits  the  number  of  data  points  that  we  can  use 
in  the  estimation  of  G.  Although  in  the  case  of  the  H6non  time 
series  it  was  sufficient  to  use  M  =  70,  for  which  the  inversion 
can  be  done  reasonably  rapidly,  for  more  complex  systems 
(particularly  with  larger  embedding  dimensions  d)  it  is  neces¬ 
sary  to  use  much  larger  samples  of  data  to  obtain  a  sufficiently 
accurate  estimate  of  G.  Larger  data  sets  are  also  required  when 
{xnl  is  contaminated  by  noise  or  other  error  and  we  wish  to  av¬ 
erage  this  out. 

This  can  be  achieved  through  a  generalization  due  to 
Broomhead  and  Lowe  (11).  Although  they  formulated  it  in 
terms  of  a  particular  neural  network  architecture,  it  is  equally 
applicable  to  our  case.  Their  idea  is  to  take  the  sample  of  data 
points  vj  for  j  =  1,  N,  with  N  >  M  and  seek  to  minimize  the 
difference  between  G  and  G  over  these  points.  A  natural  choice 
is  to  minimize  the  least  squares  error 

N 

J=1 

This  is  equivalent  to  finding  a  k  such  that  the  vector  g  -  'i’k  has 
minimum  Euclidean  norm,  where  is  now  given  by 

'V,,  =  p(h-y“’l)  (16) 

and  gj  =  G(Vj).  This  is  a  standard  linear  least  squares  problem 
(12)  and  a  variety  of  practical  algorithms  exist  for  computing  X. 
Broomhead  and  Lowe  (11)  chose  to  use  the  singular  value  de¬ 
composition  (SVD)  of  "F  (e.g.  see  [13|)  to  obtain  X.  Recall  that 
the  SVD  of  a  matrix  is  a  decomposition  of  the  form  T  = 
where  L  is  an  NxM  matrix  whose  columns  are  orthonormal,  V 
is  an  MxM  orthogonal  matrix  and  £  is  an  MxM  diagonal 
matrix.  Then  the  required  X  is  given  by  X  =  yFlffg  where  27  = 

diagfoi* . om').  with  o,'  =  Oi '  if  Oi  rs  0  and  or  =  0  if  Oj  =  0 

where  Oj . Oi^  are  the  diagonal  elements  of  £.  The  matrix 

VI’L'^  is  the  so  called  Moore-Peruose  pseudoinversc  of 'P  (e.g. 
.see  ( 14)). 

Figure  7  shows  the  results  of  this  approach,  using  the  same  data 
as  for  Fig.  5.  We  again  have  M  =  70  with  N  =  500  (so  that  the 
data  points  Vj  were  the  first  500  pairs  of  the  time  series).  As  one 
might  expect  we  get  much  more  uniform  errors  than  in  Figure 

4.  Thus  the  mean  error  has  dropped  to  3.0x10-7  whilst  the  mean 
log  error  has  slightly  risen  to  -6.7.  Note  that  the  error  for  the 


first  500  points  (which  were  used  in  the  fitting  procedure)  is  not 
markedly  different  from  that  for  the  second  half  of  the  time  se¬ 
ries.  This  suggests  that  a  good  overall  fit  to  G  has  been  obtained 

The  above  approach  works  extremely  well  in  many  situations. 
Its  one  disadvantage  is  that  it  is_very  much  a  “batch"  algorithm. 
It  thus  calculates  an  estimate  G  of  G  once  and  for  all  using  a 
predetermined  block  of  observations,  say  xj,  ....  x^..  There  is 
then  no  way  of  updating  G  from  further  observations  x\+|. 
Xi4.,.2.  ...  as  they  are  made.  Should  one  decide  to  use  a  larger 
data  sample  to  estimate  G  one  has  to  discard  the  previous  esti¬ 
mate  and  recalculate  a  new  estimate  from  the  beginning.  This 
leads  to  several  disadvantages 

a)  it  limits  the  number  of  data  points  X],  ...,  X;^  that  can  be 
used  in  the  estimation  process.  This  is  because  for  a  given 
value  of  N,  we  have  to  form  and  manipulate  the  NxM  ma¬ 
trix  'P  and  hence  the  above  algorithm  has  a  memory  re¬ 
quirement  of  at  least  MN.  When  M  is  of  the  order  of  102  as 
above,  or  even  larger,  this  rapidly  becomes  a  serious  re¬ 
striction  on  the  size  of  N. 

b)  no  useful  predictions  can  be  made  until  all  the  observations 
X). ....  X\  have  been  made  and  processed.  In  many  ^iplica- 
tions  it  would  be  preferable  to  start  making  predictions  (al¬ 
beit  rather  bad  ones)  right  from  the  start  and  have  their  qual¬ 
ity  improve  as  more  and  more  data  is  assimilated. 

c)  in  many  situations  the  function  G  maynot  be  stationary  but 
will  vary  slowly  with  time,  or  occasionally  change  sudden¬ 
ly.  In  such  an  environment  a  batch  estimation  scheme  will 
be  very  unsatisfactory  since  it  will  repeatedly  have  to  dis¬ 
card  its  previous  estimate  of  G  and  compute  a  new  one 
starting  from  scratch.  Furthermore,  as  mentioned  in  b)  dur¬ 
ing  each  such  recalculation  there  will  be  a  delay  before  the 
estimate  based  on  new  data  becomes  available. 

It  would  thus  be  useful,  particularly  for  real  time  signal  process¬ 
ing  applications  to  develop  prediction  algorithms  which  contin¬ 
uously  update  the  estimate  G  using  new  observations  xn+j, 
xn+2.  •••  as  they  are  made.  It  turns  out  that  this  can  be  done  us¬ 
ing  the  framework  of  recursive  least  squares  estimation  ( 1 5). 
Recursive  least  squares  techniques  are  of  course  well  known  in 
linear  signal  processing  and  form  the  basis  of  most  adaptive 
filter  architectures  (16).  Unfortunately  the  standard  least 
squares  algorithms  used  in  such  linear  schemes  are  not  suffi¬ 
ciently  stable  or  accurate  for  application  to  chaotic  time  series 
and  in  proves  necessary  to  use  more  sophisticated  recursive  ap¬ 
proaches  such  as  the  Recursive  Modified  Gram-Schmidt 
(RMGS)  algorithm  of  Ling  el.  al.  (17).  This  yields  results 
comparable  to  those  obtainti  from  the  SVD  approach  outlined 
above  (18). 
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Figure  7.  Logarithmic  prediction  error  log  An  using  SVD  solution  to  least  squares  problem. 
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6.  SIGNAL  SEPARATION 

So  far  we  have  considered  the  time  series  (Xn)  in  isolation.  In 
many  applications,  however,  we  are  unlikely  to  be  given  such  a 
pure  chaotic  signal.  Instead,  we  will  be  asked  to  manipulate  a 
mixture  Zn  =  Xn  +  Sn  of  a  chaotic  time  series  [xn)  and  some 
other  signal  (sn).  The  latter  may  represent  noise,  in  which  case 
we  want  to  remove  it  from  (Zn),  or  it  may  be  a  signal  that  we 
wish  to  detect,  in  which  case  we  want  to  extract  it  from  (Znl 
and  discard  (Xn).  An  example  of  the  latter  might  be  a  faint 
.speech  signal  |sn)  masked  by  deterministic  “noise”  |xn)  com¬ 
ing  from  some  kind  of  vibrating  machinery,  such  as  an  air 
conditioner  [19).  In  both  cases,  the  mathematical  problem  that 
we  face  amounts  to  separating  { Zn  i  into  its  two  components 
{Xnl  and  (sn).  Several  schemes  have  been  developed  in  the  last 
few  years  for  performing  this  task  [19-22].  Here,  we  shall  out¬ 
line  the  overall  framework  behind  all  these  approaches  and  de¬ 
scribe  a  simple  method  recently  developed  in  the  Long  Range 
Research  Laboratory  which  is  particularly  appropriate  when 
(sn)  is  a  relatively  slowly  varying  signal  [22]. 

First  observe  that  the  decomposition  of  [znl  into  (Xnj  artd  (snl 
is  not  unique.  In  fact,  we  can  choose  x'l . x'a  arbitrarily,  de¬ 
fine  the  sequence  [x'n]  recursively  by  x'n  =  Gfx'n-d.  x'n.a+i . 


x'n-i)  and  obtain  the  trivial  decomposition  Zn  =  x'n  +  (zn  -  x'n). 
It  is  thus  necessary  to  impose  some  additional  constraints  on 
(sn).  The  most  common  is  to  minimize  the  size  of  (sn)  with  re¬ 
spect  to  some  appropriate  norm  [20].  In  many  cases,  just  requir¬ 
ing  (sn)  to  be  “small"  for  all  n  is  sufficient  to  establish  unique¬ 
ness.  To  see  this,  note  that  if  (Xnl  is  chaotic,  then  for  most 

choices  of  x'l . x'd,  the  distance  I  Xn  -  x'n  I  will  grow  rapidly 

(if  it  is  not  large  already).  Hence  if  [sn]  is  small,  s'n  =  Zn  -  x'„  = 
Xn  -  x'n  -t-  Sn  will  be  large  for  at  least  some  values  of  n. 

From  now  on  we  shall  therefore  restrict  ourselves  to  the  situa¬ 
tion  where  [sn]  is  small  in  comparison  to  [xn].  The  problem  of 
separating  [zn]  into  its  components  then  naturally  falls  into  two 
parts: 

a)  Performing  the  decomposition  when  the  function  G  is 
known. 

b)  Estimating  the  function  G  from  the  combined  time  series 
(Zn)  (rather  than  from  [xn])- 

We  already  have  all  the  tools  required  to  solve  the  second 
problem.  TTie  basic  idea  is  to  apply  the  techniques  of  the  last 
section  to  a  large  sample  of  [z„),  in  which  case,  with  some 
luck,  most  of  the  effects  of  [sn]  will  average  out  and  a  reason¬ 
able  estimate  of  G  can  be  made.  We  can  then  proceed  itera- 
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Figure  8.  Sample  signal  Sn  used  for  signal  separation  experiments. 
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Figure  9.  Prediction  discrepancy  for  signal  from  Fig.  8. 
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lively,  using  this  estimate  of  G  to  obtain  an  estimate  {sn)  of 
1  s„) .  Then  Xn  =  Zn  -  Sn  should  be  much  more  deterministic  than 
(zn)  and  hence  we  should  be  able  to  obtain  a  better  estimate  of 
G  from  it.  This  procedure  can  then  be  repeated  as  often  as  nec¬ 
essary. 

Let  us  thus  turn  our  attention  to  the  first  problem,  namely  that 
of  performing  the  decomposition  when  G  is  known.  The  basic 
approach  is  to  look  for  discrepancies  between  the  observed 
value  of  Zn  and  that  which  is  predicted  by  the  deterministic  dy¬ 
namics  G(Zn-d.  Zn-d+l . Zn-l).  If  Sn-d  =  Sn-d+I  =  •■•  =  Sn  =  0 

then  this  discrepancy  will  be  zero.  A  non-zero  value  of  ^  =  Zn  - 
G(zn-d,  Zn-d+l.  .  Zn-l)  will  therefore  indicate  the  presence  of 
some  non-trivial  signal.  This  is  illustrated  by  Figures  8  and  9. 
The  signal  from  Fig.  8  was  added  to  the  H6non  lime  series  from 
Fig.  1  and  the  resulting  {i^}  is  shown  in  Fig.  9.  It  is  clear  that 
the  discrepancy  {^)  is  able  to  detect  the  presence  of  the  pulse 
{sn)  and  even  to  some  extent  extract  its  qualitative  features,  but 
does  not  yield  much  in  the  way  of  quantitative  information. 

To  proceed  further  we  expand  ^  assuming  that  (Sn)  is  small: 

^  =  Zn  -  GfZn-di  Zn-d+l,  •••  •  Zn-l) 

=  Xn  +  Sn  -  G(Xn-d -t- Sn-d . Xn-ft-Sn-l)  (17) 


d 

S  Sn  -  ^ 

i=l 

Allowing  n  to  vary,  Eq.  18  gives  a  set  of  simultaneous  linear 
equations  for  (sn).  These  lie  at  the  heart  of  most  approaches  to 
signal  separation.  Although  several  different  techniques  can  be 
used  to  solve  these  equations,  great  care  has  to  be  taken  when 
the  dynamics  of  (xn)  is  chaotic,  since  in  that  case  this  set  of 
equations  becomes  very  badly  conditioned.  One  possibility  is  to 
use  the  Singular  Value  Decomposition  (see  atove),  which  is 
able  to  cope  with  very  badly  conditioned  linear  problems.  This 
is  essentially  the  technique  used  by  Fanner  and  Sidorowich 
(20J.  They,  in  fact,  solve  Eq.  18  repeatedly,  regarding  it  as  a 
Newton  step  in  solving  the  full  non-linear  problem  given  by  Eq. 
17.  They  also  impose  additional  equations  designed  to  ensure 
that  the  final  (sn)  has  minimal  norm.  A  simpler  alternative, 
which  works  well  in  practice  (23)  is  to  simply  solve  Eq.  18  us¬ 
ing  SVD. 

Here  we  describe  an  alternative  approach  aimed  at  the  situation 
where  (sn)  is  slowly  varying.  This  for  instance  is  the  case  for 
the  signal  in  Fig.  8.  except  in  a  small  neighbourhood  of  the 
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Figure  10.  Extracted  signal  Sn  using  Eq.  21,  with  same  data  as  Fig.  9. 
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Figure  1 1 .  Effect  of  improved  estimate  using  Sm(n)  instead  of  Sn- 


transient  (and  as  we  shall  see  our  scheme  works  reasonably 
well  even  there).  We  thus  assume  that  I  Sn  -  s„.i  I  is  small  in 
comparison  to  I  Sn  I  It  is  then  reasonable  to  set  Sn-d  s  Sn-d+i  s  ... 
=  Sn  in  Eq.  18,  which  gives 


^  =  Sn  (1  -  Jn) 


where 


(19) 


Jn 

This  gives 
Sn 


‘^(Zn-d . Zn-l) 

'  5Zn-, 


Cn 

1-J„ 


(20) 


(21) 


as  an  estimate  for  Sn-  Figure  10  shows  the  results  of  using  Eq. 
21  with  the  same  data  as  Fig.  9.  We  get  extremely  good  recov¬ 
ery  of  (sn)  for  almost  all  n,  except  for  occasional  values  which 
can  be  quite  wildly  wrong.  These  are  largely  due  to  Jn  coming 


close  to  1,  indeed  the  error  in  Eq.  21  is  inversely  proportional  to 
1 1  -  Jn  I.  This  can  be  overcome  to  a  large  extent  by  making  the 
observation  that  under  the  assumption  that  Sn-d  s  Sn-dti  s  ...  s 
Sn.  Eq.  21  is  an  equally  valid  estimate  for  any  of  Sn-d.  Sn-d-fi.  . 

Sn.  Thus,  it  is  reasonable  to  use  any  of  Sn,  Sn+i . Sn+d  as  an 

estimate  for  s„.  The  best  estimate  will  be  given  by  that  Sm  for 
which  the  corresponding  1 1  -  Jm  1  is  maximized.  Let  m(nl  be 
this  value,  so  that  n  <  m(n)  <  n4d  and  1 1  -  Jm(n)  I  ^  1 1  -  Jk  I  for 
all  n  <  k<  n-Kl.  Figure  1 1  plots  Sni(n)  for  the  same  data  as  Fig. 
10,  and  we  see  that  the  occasional  spurious  values  in  Fig.  10  are 
removed  without  any  adverse  effects  on  the  remainder  of  the 
signal. 

This  example  shows  that,  at  least  in  certain  cases,  it  is  possible 
to  recover  (sn)  extremely  accurately  when  G  is  krtown  exactly. 
To  demonstrate  that  this  scheme  is  still  useful  when  G  has  to  be 
approximated  from  the  combined  signal  (zn),  we  present  the 
results  of  one  last  experiment.  This  time  we  take  the  random 
two-level  signal  of  Figure  12  as  {snl .  This  is  added  to  Fig.  1  to 

five  |zn)  which  is  us^  to  estimate  G  using  the  SVD  as  above. 

he  same  parameters  were  used  as  for  Fig.  7,  except  that  N  was 
increased  to  1000,  so  that  the  whole  data  sample  was  used  in 
the  computation  of  6 .  The  above  extraction  algorithm  was  then 
applied  using  this  G.  The  results  are  shown  in  Figure  13.  We 


Figure  12.  Sample  signal  Sn  used  for  signal  separation  with  unknown  G. 


Figure  13.  Extracted  estimate  of  signal  in  Fig.  12. 
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can  see  that  using  an  estimate  of  G,  rather  than  G  itself,  leads  to 
some  loss  of  accuracy  in  recovering  (sn).  but  nevertheless  a 
useful  signal  can  still  be  extracted. 

Observe  that  in  traditional  signal  processing  terms,  if  we  iden¬ 
tify  {xn)  as  the  “noise"  contaminating  the  signal  {sn),  we  are 
able  to  recover  the  signal  at  a  signal  to  noise  ratio  of  -80dB. 
This  is  of  course  far  in  excess  of  what  could  be  done  using  con¬ 
ventional  linear  filtering.  In  this  context  it  should  be  pointed  out 
that,  in  common  with  most  such  schemes,  the  above  algorithm's 
performance  increases  as  the  amplitude  of  {snl  decreases,  down 
to  some  lower  limit  set  by  numerical  inaccuracy.  This  is  in 
complete  contrast  to  conventional  signal  processing  techniques 
where  signal  extraction  performance  deteriorates  with  decreas¬ 
ing  sign^  amplitude. 

7.  CONTROLING  CHAOTIC  SYSTEMS 

So  far,  we  have  considered  the  presence  or  absence  ,aos  in 
a  given  system  as  something  beyond  our  control.  In  ma» cases 
however,  we  would  like  to  avoid  chaotic  behaviour,  or  at  least 
modify  it  in  such  a  way  as  to  perform  a  useful  function.  One 
approach  would  be  to  make  large  and  possibly  costly  alterations 
to  the  system  to  completely  change  its  dynamics  and  ensure  that 
the  modified  system  is  not  capable  of  chaotic  behaviour.  This 
may,  however,  not  be  feasible  for  many  practical  reasons.  An 
alternative,  due  to  Ott  et.  al.  [24]  is  to  attempt  to  control  the 
system  using  only  small  time  dependent  perturbations  of  an  ac¬ 
cessible  system  parameter.  The  key  fact  behind  their  idea  is  that 
a  tjqtical  chaotic  system,  such  as  the  H^non  map,  will  contain 
an  infinite  number  of  unstable  periodic  orbits.  Normally,  these 
will  not  be  observed,  precisely  because  they  are  unstable,  but 
any  typical  trajectory  of  the  system  will  come  arbitrarily  close 
to  them  infinitely  often.  This  can  be  see  in  Fig.  1,  where  {xnl 
comes  close  to  an  unstable  fixed  point  near  to  x  =  0.6,  at  about 
n  =  150  and  again  at  n  =  640  and  n  =  690. 

The  effects  of  the  unstable  periodic  orbits  can  thus  be  seen  in  an 
observed  time  series  ( Xn  1 .  Several  groups  have  shown  that  an 
accurate  estimate  of  their  position  and  eigenvalues  can  be  de¬ 
rived  from  the  time  scries  (e.g.  [25,26]).  Such  estimates  make 
use  of  many  of  the  techniques  for  analysing  chaotic  time  series 
that  we  have  described  in  the  previous  sections.  As  usual, 
Takens's  theorem  is  used  to  reconstruct  the  original  dynamical 
system,  whilst  a  local  estimate  to  the  function  G  around  a  peri¬ 
odic  orbit  can  be  used  to  calculate  the  orbit’s  eigenvalues. 

The  basic  idea  behind  controlling  a  chaotic  system  is  to  choose 
one  of  these  periodic  orbits  and  attempt  to  stabilize  it  by  small 
perturbations  of  a  parameter.  This  is  possible  precisely  because 
chaotic  systems  are  so  sensitive  to  small  changes.  Normally, 
such  sensitivity  simply  leads  to  instability  and  complex  be¬ 
haviour  of  the  kind  seen  in  Fig.  1.  However,  if  the  perturbations 
are  carefully  chosen,  they  can  push  the  system  into  the  desired 
periodic  regime  and  then  keep  it  there.  Ott  et.  al.  first  demon¬ 
strated  the  feasibility  of  their  algorithm  using  numerical  sim¬ 
ulations  [24],  but  since  then  it  has  been  appli^  successfully  to 
the  control  of  a  variety  of  real  systems  [27-29].  Once  again,  this 
algorithm  relies  on  a  local  approximation  of  the  function  G 
around  the  periodic  orbit. 

One  of  the  great  advantages  of  this  approach  is  that  there  is  po¬ 
tentially  a  large  number  of  different  periodic  orbits  which  we 
can  stabilize.  We  can  thus  choose  precisely  that  orbit  which 
gives  the  best  system  performance  in  a  given  application. 
Furthermore,  we  can  easily  switch  amongst  the  different  orbits 
available,  again  using  only  small  changes  in  the  control  param¬ 
eter.  In  principle,  it  should  thus  be  possible  to  obtain  many 
substantially  different  classes  of  behaviour  from  the  same 
chaotic  system.  This  is  in  complete  contrast  to  systems  which 
lack  a  chaotic  attractor  and  operate  at  a  stable  equilibrium  or 
periodic  orbit.  For  such  systems,  small  parameter  perturbations 
can  only  move  the  orbit  by  a  small  amount,  but  cannot  gener¬ 
ally  lead  to  dramatically  different  behaviour.  One  is  thus  essen¬ 
tially  restricted  to  whatever  behaviour  is  given  by  the  stable 
orbit  and  it  is  difficult  to  make  substantial  improvements  in  per¬ 
formance  without  major  changes  to  the  system. 

A  further  extension  to  this  idea  is  described  in  [30].  Here,  rather 
than  aiming  to  operate  the  system  in  a  given  periodic  steady 
state,  one  is  trying  to  direct  the  state  of  the  system  to  a  desired 


target  state  in  as  short  a  time  as  possible  using  only  small  per¬ 
turbations  of  the  control  parameter.  It  turns  out  that  essentially 
the  same  framework  as  iixrve  can  be  used  to  achieve  this,  and 
once  again  a  chaotic  system’s  extreme  sensitivity  to  small  per 
turbations  can  be  used  to  our  advantage. 
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1.  First  characteristics  of  Chaos 

.  Attractors  (Delay  reconstruction,  Poincare  map) 

3 .  Weak  chaos  and  Smale's  horsehoe 

4 .  Strong  chaos  and  Liapounov  exponents 

5.  Controlling  chaos 


Unpredictibility : 


Sensitivity  to  Initial  Conditions 


Vanishing  of  correlation  function  with  time 

1  ^ 

j  x(t)  x(t  +  u)  dt 
0 


Lim 

U-->oo 


C(u)  =  0 


Continuity  of  Power  Fourier  Spectrum 


Plow  is  it  possible  for  deterministic  PDF  to 
produce  stationary  solutions  that 
behave  like  stochastic  processes  ? 
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The  concept  of  ATTRACTOR 

Attracting  set:  A  closed  invariant  set  which 

attracts  any  point  in  an  open  neighbourhhod 

Examples : 

•  Asymptotically  stable  equilibrium 

•  Stable  limit  cycle:  Van  Der  Pole  Equation 


•  Strange  attractor:  (Lorenz  Equation) 


periodic  orbit:  te[0,  i5]  ; 


x(0  =  Exp[Cos(2;it)]  , 
(0— >  e  Cosci) 


Periodic  correlation  function 
Discrete  spectrum:  Dirac  comb 
(Multiple  of  the  fundamental  frequency) 


Almost-periodic  correlation  function 
Point  dense  spectrum: 
(Multiple  of  n  fundamental  frequencies: 
High  multiple  are  generally  weak) 


Landau  interpretation  of  turbulence: 

Attractor  in  the  infinite  dimensional  phase  space  of 
fluid  mechanics  is  a  n-d  torus  with  n  big 

(A  likely  explanation  for  continuous  spectrum) 

Lorenz  discovery  (1963) 

Chaotic  dynamics  may  occur  in 
low  dimensional  manifolds 


Rdssler  Band; 
x'  =  -y-z 
y'  =  x  +  ay 
z’  =  2  +  z(x-4) 


Lorenz  system: 
x'-3(x-y) 
y'=26,5  x-y-xz 
z'  =  xy-z 


I 


Figure  12.1  A  post-transient  trajectory  of  Rossler's  equations  (12. 1)  for 
the  simply  folded  band  attractor.  Parameters  are  n  =  0.398,  =  2.  c  =  4 
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Reconstruction  of  the  attractor 


When  an  experimental  signal  is  studied, 
identify  a  low-dimensional  attractor 
into  a  high-dimensional  phase  space 


The  Delay  method: 

Take  an  observable  y(t)=f[x(t)] 

Study  trajectory  of  delay-coordinate  map 
{y(t),y(t-At),...,y(t-nAt)} 


d  dimension  of  the  attractor  &  n>2d 

Embedding  of  the  attractor  into  R" 
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Poincare  section  and  strange  attractors 


Continuous  Flow  =>  Transformation  of  the 

section 

Limit-cycle  =>  Fixed  point 
Doubling  of  period  =>  Periodic  point 

ergodic  orbit  =>  Irrational  translation 

on  2d  torus 


on  the  circle 


.V  1 1) 


Weak  chaos:  Spreading  and  folding 
(fractal  dimension) 

Smale's  horsehoe 


a  c 


o  b 

Figure  12.(5  The  horseshoe  mapping  of  Smalc,  taking  points  in  a  square 
onto  a  U-shaped  region  overlapping  the  square 
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Figure  12. S  An  appro.ximatc  picture  of  the  invariant  set 
of  the  horseshoe  mapping 
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Symbolic  modelization  of  the  Horsehoe: 
Chaotic  dynamics  of  the  shift 

a  =  {0,1}^  ;  (i(x,y)= 

ieZ 

Topological  structure  of  Cantor  set 

1,0, 0,1,1...) 

2  fixed  points:  (...0,0,0...)  &(... 1,1,1...) 
Hyperbolic  fixed  point:  a=(... 0,0,0...) 

Stable  manifold:  {x  /T”(x)->a)  =  ((...00...,0§§§...)} 

Unstable  manifold:  {x  /T'"(x)-^a]  =  {(...,§§§0,...,0,0...)} 

The  stable  and  the  unstable  manifolds  are  intersecting 
transversally  in  an  infinite  number  of  points 


Infinite  number  of  unstable  periodic  orbits 
A  weak  chaotic  dynamical  system 
contains  a  Smale's  horseoe 
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Strong  chaos: 

Exponential  divergence  of  trajectories 
Liapounov  exponents 


Ergodic  theorem  of  Ossedelets 


Let  Fx  =  DxT  , 

Fx^"'=  Dx(T")  =  Ft"-|(x) . Fx 

Then  lim,w<.[Fx^''^*Fx<"V''^"  =Ax 
exists  and  doesn't  depend  on  x  (a.e.) 


Liapounov  exponents  are  Log  of  the  eigenvalues 
Strong  chaos;  positive  Liapounov  exponent 
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Computation  of  Liapounov  exponents  is  based 
on  triangularization  of  Fx  for  each  step: 

•  Fx  is  known  then  do  Fx  =  Qx  Rx 

Let  be  the  i-th  eigenvalue  of  Rx 
11 

=  lim  n->oo  ^  ^Log  )iTk(x)^*^ 

"  k=0 

•  Fx  is  not  known 

(experimental  signal  and/or  reconstruction  using  delays) 
Find  other  points  y  in  the  vicinity  of  x 
such  that  the  orbit  of  y  stays  in  the 
vicinity  of  the  orbit  of  x  for  some  iterations 

Liapounov  exponents  are  not  smooth  functions 


PIG.  12  (a)  Topological  enirop)  cpper  cur\f  •  and  charr.ctcns- 
lie  e.xponeni  (lower  curN'cl  as  a  f'-inciion  of  u  for  the  family 
X  '/.tx  { I  —  x).  (Graph  by  J.  Crciehncld  )  Note  the  disron 
imtiily  of  the  lower  curve 
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Controlling  chaos 

(from  Ott.Grebogi.Yorke  ,  Phys. Rev. Letters  [1990]  ) 


Principle: 

Stabilize  an  unstable,  periodic  orbit  by  slight 
perturbation  of  the  parameter. 


Close  from  linearization  of  controlled 
dynamical  systems 


Hvnothesis: 

A. 

Predetermination  of  the  nominal  orbit 
Knolwedge  of  the  characteristic  exponents 
Structural  stability  of  the  nominal  orbit 


Iterative  adaptation  of  the  parameter 


Beware  the  effects  of  non-linearity  and  noise 
Trajectory  may  escape  out  of  controlled  zone 


Experimental  realization 


.M6 


Cancellation  of  chaos  with  weak  periodic 

perturbations 

(from  Braiman,Goldhirsch  ,  Phys. Rev. Letters  [1991]  ) 


Model:  The  parametric  oscillator 
0"  +  G0'  +  sin  0  =  I+A  sin  (ot  +  a  sin  pcot 


2-periodic  perturbation 
widely  studied  for  P=0 
Model  of  shunted  Josephson  junction 


FIG  I  Leading  Liapunov  exponent  X  as  a  function  of  the 
parameter  P  (sec  text)  with  C~QJ.  ^  ~0  4,  /  — 0  905 
w  — 2rt/25  12.  and  o— 0.0125.  The  points  represent  actual  re¬ 
sults  and  they  arc  connected  by  lines  to  guide  the  eye. 


OGO  070  080  090 


: 

FIG  3.  l-y  characteristics  corresponding  to  the  parameters 
C-0.7.  -4-0.4,  H.-2rr/25.12.  O-0.0I25,  and  fJ-l. 11803. 
The  smooth  curve  corresponds  to  a  -0,  i.c.,  no  external  pertur¬ 
bation.  The  dotted  curve  corresponds  to  a— 0  0125  and 
/I  -  I  I  1803 
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Conclusions: 

Chaotic  dynamics  is  encountered  in  various 
situations  (physics,  biology,  ...) 

To  controll  it  one  can  use  some  good  properties: 
Structural  stability  Robustness 
Exploration  of  a  large  zone  of  the  state  space 

An  important  drawback 

Unstability  difficult  computation  of 
_ characteristics _ 

A  research  track: 

Adaptive  control  and  learning: 

Let  the  system  find  its  representation  of  the 
target  by  an  unstable  orbit 

Favour  this  learning  process 
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1.  SUMMARY 

This  paper  presents,  stability  analysis  results  which 
can  be  useful  to  analyse  the  behaviour  of  aerospace 
vehicles. 

A  certain  nutnber  of  definitions  are  recalled.  Liapunov 
stability  criteria  are  given  for  autonomous  systems  de¬ 
scribed  by  ordinary  differential  equations  and  discrete- 
time  ecjuations. 

A  particular  attention  is  paid  to  the  stability  of  me¬ 
chanical  systems  around  equilibrium  configurations. 
It  is  shown  that  the  hamitonian  function  is  a  good  Li¬ 
apunov  function  for  a  rather  large  class  of  mechanical 
systems.  When  constraints  are  present  and  for  partic¬ 
ular  dissipation  interactions  depending  linearly  on  the 
variables,  modified  Liapunov  functions  are  presented. 

For  general  linear  systems,  stability  criteria  based  on 
the  characteristic  polynomial  are  recalled.  Extension 
permits  to  consider  stability  robustness  and  the  intro¬ 
duction  of  isolated  nonlinearities.  Finally,  some  re¬ 
sults  on  exact  feedback  linearization  are  presented. 

Attitude  stability  analysis  of  orbiting  satellites  (and 
gyrostats)  are  presented  as  particular  applications. 

2.  INTRODUCTION 

The  investigation  of  the  stability  is  an  important  prob¬ 
lem  in  dynamics  and  in  particular  for  aerospace  vehi¬ 
cle.  When,  the  stability  cannot  be  obtained  passively, 
the  possibility  of  an  active  stabilization  by  feedback 
can  be  considered.  In  both  cases,  the  robustness  of  the 
stability  (with  respect  to  parameter  changes  and/or 
perturbations)  should  be  guaranteed.  The  above  de¬ 
fined  problems  have  satisfactory  solution  for  linear 
systems  and  some  progresses  have  been  made  for  non¬ 
linear  systems.  Nonlinear  considerations  are  clearly 
necessary  when  large  motions  or  perturbations  are  in¬ 
volved,  for  instance  during  large  manoeuvres  or  orien¬ 
tations  changes  in  particular  for  helicopters  or  orbiting 
systems. 


•'I'he  research  reported  in  this  paper  was  partially  supported 
by  the  Belgian  Programme  on  Inteniniversity  Attraction  Poles 
initiated  by  the  Belgian  .State  Science  Policy  Programming  Of¬ 
fice  (Prime  Minister's  Office).  The  scientific  responsibility  is 
assiiiiierl  by  the  author. 


We  will  not  provide  a  complete  discussion  of  the  sta¬ 
bility  problem  but  concentrate  on  the  results  which 
directly  apply  the  aerospace  vehicle  dynamics. 

The  stability  method  considered  here  have  also  di¬ 
rect  applications  in  other  problems  such  in  robotics 
or  ground  vehicle  dynamics. 

3.  CONCEPT  OF  STABILITY 
3.1  Continuous  systems 

These  systems  can  be  described  by  a  set  of  ti  first- 
order  differential  equations  written  in  vector  form  as  : 

x=f(x,/),  (1) 

where  x  is  the  n  state-vector  and  the  components  of 
the  function-vector  f  are  such  that  the  solution  of  the 
differential  equations  exist  and  is  unique  -  i.e.  f  is  as¬ 
sumed  to  be  Lipschitz  or  of  class  T'  which  is  (almost) 
always  the  case  in  mechanical  applications.  The  solu¬ 
tion  of  these  equations  then  only  depends  on  the  ini¬ 
tial  condition  xq  and  the  initial  time  <o  and  is  written 
x(<;xo,<o)  Of  more  simply  x(t). 

Various  stability  considerations  are  given  by  the  fol¬ 
lowing  definitions  [1]. 

Definition  3.1  -  Without  lost  of  generality,  the  point 
X  =  0  is  said  to  be  an  equilibrium  point  of  (1)  if  ; 

f(0,0  =  0  VL 

Definition  3.2  -  The  equilibrium  point  x  0  of  (1) 
is  said  to  be  Lagrange  stable  or  bounded  if  for  all  Iq 
and  some  ^  >  0,  the  condition  : 

|xo|  <  S 

implies  the  existence  a  finite  scalar  M  such  that  : 

|x|  <  M. 

Definition  3.3  -  The  equilibrium  point  x  =  0  is 
said  to  be  Liapunov  stable  if  for  all  initial  time  and  all 
positive  parameter  e  there  exist  a  positive  parameter 
b{e,to)  such  that  : 

|xol  <  ^  =>  |x(t)|<(  for  I  >  to'. 
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this  point  is  saitl  to  uniformly  stable  if  b  does  not 
depend  on  tlie  iiutial  time. 

Definition  3.4  -  The  equilibrium  point  x  =  0  is 
said  to  be  aliraclive  if  for  all  initial  time  there  exist  a 
positive  parameter  6  {to)  such  that  : 

|xo|  <  b  ^  lim  |x(<))  =  0; 

1  — inf 

this  point  is  said  to  uniformly  convergent  if  b  does 
not  depend  on  the  initial  time. 

Definition  3.5  -  The  equilibrium  point  x  =  0  is  said 
to  be  (uniformly)  asymptotically  stable  if  it  is  (uni¬ 
formly)  stable  and  convergent. 

Remark  -  These  notion  of  stability  can  be  extended 
to  globril sluhilhy  considerations  which  are  valid  for  all 
initial  conditions  (see  [1]);  further,  for  linear  systems, 
tluvse  notions  are  equivalent. 

In  mechanical  probf  ms,  there  are  generally  various 
possible  equilibrium  states.  Further  one  can  be  more 
interested  in  evaluating  of  the  domain  of  attraclion  of 
the.sc  ecpiilibria  than  in  global  stability  considerations. 

3.2  Discrete  systems 

rheso  :  terns  can  be  described  by  a  set  of  n  first- 
order  d..ierence  ecpiations  written  in  vector  form  as  : 

x^  +  i  =  f(xit,*:) 

vvheri  xj;  is  the  n  state- vector  at  instant  t*. 

The  point  X  =  0  is  said  to  be  an  equilibrium  point  if  ; 

f(O.f')  =  0  \/h 

atid  all  the  stability  definitions  for  continuous  systems 
can  bi'  adapted  to  these  discre'e  systems  by  substitut¬ 
ing  the  index  si’qiieiice  for  the  time  variable. 

4. LIAPUNOV  METHOD 

4.1  Stability  tlu-onmis  for  aiitoiioiiioiis  systems 

Definitions  4.1  A  scalar  function  V  (x)  is  said  to  be 
a  posilin  definite  function  or  a  Liapunov  function 
in  some  neighbourhood  U  of  an  ’qiiilibriiim  point 
X  =  0.  if 

•  It  IS  defined  and  diffi’rentiable  on  U\ 

.  VfO)  =  (). 

.  Vix)  >0  V  x)  6  (//\0). 

This  function  is  said  to  be  a  negative  difinilr  func¬ 
tion  when  <  is  substitute  for  >  in  the  last  item;  this 
function  is  saifl  to  be  positive  (respectively  negative) 
mi-dt finite  when  >  (res|)ertively  <)  is  substitute  for 

.>  . 

Definition  4.2  The  time  derivative  the  function 
l'(x)  along  a  solution  o.  tne  eipiations  x  =  f(x)  (or 
l.ie  derivative)  is  defined  as  ; 

r(x)  -  =  [grad  V  ]' f(x). 


Liapunov  stability  theorem  The  equilibrium 
state  X  =  0  of  the  equation  (1)  is  stable  if  -  in  some 
neighbourhood  fl  of  the  origin  -  there  exists  a  Lia¬ 
punov  function,  V(x),  whose  Lie  derivative,  V'(x)  is 
a  negative  semi-define  function  (in  f2)  -  or  identically 
equal  to  zero. 

Liapunov  asymptotic  stability  theorem  -  The 
equilibrium  state  considered  in  the  previous  theorem 
is  asymptotically  stable  if  V(x)  is  a  negative  definite 
function  in  Q. 

Lasalle  asymptotic  stability  theorem  -  The  equi¬ 
librium  state  considered  in  the  Liapunov  stability 
theorem  is  asymptotically  stable  if  U(x)  is  a  semi¬ 
negative  definite  function  which  does  not  vanish  iden¬ 
tically  along  any  solution  different  from  x  =  0. 

Remark  These  theorems  can  be  extended  in  order  to 
inve.stigate  the  stability  of  non  autonomous  systems  - 
and  in  particular  of  time  periodic  systems. 

4.2  Instability  theorer*  "or  autonomous  sys¬ 
tems 

Chetayev  theorem  -  If  there  exist  a  function  V'  (x) 
defined  in  some  neighbourhood  12  of  the  origin  and  ?. 
sub-domain  12]  such  that  : 

•  V  is  differentiable  in  12, 

•  V  and  V  are  positive  in  Qj, 

.  V  =  0  for  X  €  dl2i , 

•  0  G  d  12 1 , 

then  the  origin  is  unstable. 

4.3  Liapunov  linearization  principle 

Asymptotic  stability  theorem  -  If  the  solution 
X  =  0  of  the  linear  system 

X  =  Ax  (2) 

is  .a.symptotirally  stable  and  if  x  -  d  is  also  a  solution 
of  the  .system  ; 

X  =  Ax  ■+  N  (x)  (3) 

with 


then  the  zero  solution  of  (3)  is  asymptotically  stable. 

Instability  theorem  -  If  the  solution  x  =  0  of  (2) 
is  unstable  and  the  other  conditions  of  the  previous 
theorem  are  holding,  the  corresponding  solut  ion  of  (3) 
is  also  unstable. 

4.4  Non  autonomous  systems 

The  theorems  presented  here  for  autonomous  systems 
r,an  be  extended  to  non  automoeous  systems. 

5  LINEAR  TIME  INVARIANT  SYSTEMS 

Let  US  consider  linear  system  of  the  form  (21  where 
the  matrix  A  's  constant. 
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'Phis  system  is  asym^'totically  stable  if  all  the  eigen¬ 
values  of  the  znaofix  A  -  the  roots  of  the  characteristic 
polynomial  : 

|A  -  sEI  =  /(.s)  =  0 
have  negative  real  part. 

The  system  is  unstable  if  some  eigenvalues  have  posi¬ 
tive  real  parts. 

When  there  are  purely  imaginary  eigenvalues,  the  sys¬ 
tem  is  stable  or  unstable  according  to  the  form  of  the 
corresponding  Jordan  blocks.  This  case  will  not  be 
considered  here  and  we  will  only  present  some  criteria 
which  permit  to  guarantee  sisymptotic  stability.  Fur¬ 
ther  reference  for  these  problems  can  be  found  in  [2], [3] 
and  [4]. 

5.1  Real  coefficient  systems 

First,  let  us  note  that  if  the  order  of  the  system  is  n, 
the  characteristic  polynomial  is  of  degree  n  with  real 
coefficients  written  ; 

/(s)  =  flos"  -p  Uis"”'  -p  ujs"  ^  -p  . . .  -p  a„.  (4) 

If  all  the  roots  have  negative  real  parts,  /(s)  is  clearly 
a  product  of  term  of  the  form  : 

s  +  a  or  (s-pa+ j6)(s-pa  — j6)  =  (s-pa)^-p6^  (5) 

and  consequently  ail  the  coefficients,  a,-,  have  the  sign 
of  qq.  Without  lost  of  generality,  ao  will  be  assumed 
to  be  positive  and  a  necessary  condition  for  stability 
is  then  : 


fij  >  0  for  i  =  0, 1, . . . ,  n. 


,5.1.1  Argument  criterion 
Writing  ^ 

/(s)  -  aoU(s  -  Si) 
1=1 


where  from  (5) 


Si  =  —a  or  Si  =  — a  ±  jb 

it  is  easily  seen  that  the  argument  of  /(s)  for  s  =  ju 
increases  monotically  from  0  to  when  w  increases 
from  0  to  oo,  i.e.  : 

^o"^arg{f(jij}  =  n^; 

this  condition  is  also  sufficient  and  is  sometimes  re¬ 
ferred  to  as  the  Mikhailov  or  the  Leonhard  criterion. 

(  Considering  the  symmetry  of  /(s)with  respect  to  the 
real  ax.s,  this  last  relation  can  also  be  written  : 

=  2Aj~arjr{/(jui}ntr  (6) 

Further  /(s)  and  can  be  written  as  : 

/(s)  =  h(s^)  -P  sg(.s^) 


or  /(jLj)  —  h(—ui^)+jiog(—ui^)  for  s  =  jui. 


This  implies  the  so  called  Hermtle-Biehler  result 
which  states  that  the  system  is  asymptotically  stable 
if  (and  only  if)  the  roots  of  h(~X)  and  g(—X)  -  where 
A  =  -  are  distinct  negative  real  and  alternate,  i.e.  : 

At  <  Af  <  A2  <  A|  <  . . . , 


and  if  and  only  if  oi  >  0  -  has  the  sign  of  qq. 

5.1.2  Sturm’s  criterion 

If  the  characteristic  polynomial  (4)  has  real  coeffi¬ 
cients,  the  relation  (6)  can  be  estimated  from  these 
coefficients  of  by 


OqUi"  —  020/””^  -p  .  .  . 


iAj;~orp{/(ju;}  = 

where  >s  called  the  Cauchy  index  of  the  real 

rational  function  f(ui)  between  a  and  b  and  is  equal 
to  the  number  of  jumps  of  /(w)  from  — oo  to  -Poo  as 
u>  increases  from  a  to  6. 

This  Cauchy  index  can  be  evaluated  by  constructing  a 
Sturm  sequence,  i.e.  defining  a  sequence  of  polynomi¬ 
als  /i(w),/2(w),/3(w),. . .  ,/m(u'),  with  decreasing  or¬ 
der  and  here  m  =  n-P  1  (as  the  roots  of  the  numerator 
and  the  denominator  are  distinct),  by  the  relations  ; 

/i(w)  =  ?i(w)/2(w)  -  f3(ui) 


fi-y(co)  =  qi-i(w)fi{w)  - 


/m(w)  =  9m(w)/2{w) 

It  can  be  checked  (Sturm’s  theorem)  that  ; 

=  V^(-«)-V'(+c«)  (7) 

where  V(a)  is  the  number  of  sign  variations  in  the 
Sturm  sequence  (when  the  polynomials  are  evaluated 
for  the  fixed  value  a). 

Consequently  the  Hurwitz  (asymptotic)  stability  is 
guaranteed  if  : 


F(-oo)  —  V'(-Poo)  =  n 
5.1.3  Routh’  criterion 

Further  ^(ioo)  is  evaluated  from  the  coefficient  of 
the  higher  order  terms  of  the  various  polynomials  of 
the  sequence  and  it  can  be  concluded  that  the  Cauchy 
index  is  equal  to  n  and  consequently  the  system  is 
(asymptotically)  stable  when  all  these  coefficients,  say 
Cj  with  i  =  1, . . . ,  m,  have  the  same  sign  (i.e.  the  sign 
of  Uq),  i.e.  are  positive. 
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5.1.4  Hurwitz’s  criterion 

The  computation  of  the  Routhian  coefficients,  Ci,  is 
rather  cumbersome,  but  it  can  be  checked  -  by  rather 
simple  algebraic  manipulations  -  that  they  are  ob¬ 
tained  from  the  principal  minors.  A,-,  of  the  n  x  n 
Hurwitz  matrix, 


Oi 

d3 

d5  . 

do 

d2 

U4  . 

0 

«1 

d3  . 

0 

do 

dz  . 

0 

0 

dl  . 

0 

0 

do  . 

A. 

as  r,  =  - - . 

^1-1 

The  stability  criterion  then  simply  reads  ; 

A,  >  0  for  i  =  1, . . ,  n. 


5.2  Complex  coefficient  systems 

The  results  obtained  for  real  coefficients  systems  ran 
be  extended  to  systems  with  complex  coefficient  in 
a  rather  straightforward  manner.  Indeed,  after  hav¬ 
ing  divided  the  characteristic  polynomial  by  the  (com¬ 
plex)  coefficient  ao,  we  obtained  the  equivalent  poly¬ 
nomial  : 

+  Ul  s"'  '  -I-  .  .  .  -p  Un]  -b  J  [6l  '  +  .  ■  .  -f  6n  1 

In  this  ca.se  the  argument  variation  has  to  be  taken 
from  -30  to  -foo  has  the  symmetry  with  respect  to 
the  real  a\is  is  not  anymore  guaranteed.  The  following 
stability  condition  can  then  be  verified  ; 


-A+^nr^{/(yu-}  =  / 

TT 


+  <X> 


/i(u;) 


where 

f  I  —  ^  -h  -p  .  . . , 

/v  =  U]  w"  "  '  —  -P  640;'*''’ -p  .  .  . . 


These  function  permits  to  construct  a  Sturm  sequence 
and  the  .Sturm’s  theorem  (7)  can  then  be  applied. 


In  thus  ca.se  the  Hurwitz  matrix  has  to  be  modified  as 
follows  : 


//• 


dl 

—62 

-ds 

64 

dr. 

1 

-a2 

^3 

04 

0 

d] 

-62 

-(I3 

64 

0 

1 

-6, 

-02 

f>3 

0 

0 

dl 

—  62 

-as 

0 

0 

1 

-61 

-02 

5.3  Discrete  systems 

A  linear  discrete  system  is  written  under  the  form  : 

xt+i  =  Axk 


and  its  characteristic  polynomial  is  given  by  : 

f{z)  =  |A  —  zEj  =  aoz"  -P  a”  '  -P  . . .  -P  Un 

In  order  to  have  stability,  all  the  roots  should  have  a 
norm  smaller  than  one  -  should  be  located  in  the  unit 
circle  centered  at  the  origin  of  the  complex  plane.  A 
necessary  condition  is  then  that  the  product  of  all  the 
roots  has  a  norm  smaller  than  one;  this  implies  that  : 


do 


The  principle  of  the  argument  is  also  valid  here  and  it 
is  seen  that  for  stable  systems  /(e-^*)  increases  mono- 
tonically  from  0  to  nx  when  6  increases  from  0  to  w; 
here  too  this  condition  is  also  sufficient. 

Writing  f{z)  under  the  form  of  a  sum  of  a  symmetrical 
and  an  antisymmetrical  part  as  : 


/(4) 


1 

r  „  1 1 

1 

r  ..  M 

2 

/{4)+4"/(-) 

■^2 

/(-)-*”/(  7) 

or  f{s)  =  h[z)  +  g(z) 

it  is  seen  that  h(z)  and  g(z)  have  alternating  roots  on 
the  unit  circle.  This  permits  to  obtain  results  equiva¬ 
lent  to  the  Routh-Hurwitz  criteria  for  continuous  sys¬ 
tems  [2]. 

5.4  Feedback  Stabilization 

If  the  open  loop  transfer  function  (of  a  single  input 
single  output  system)  is  given  by  ; 


r(.s)  =  G{s)e{s)  with  G{s)  = 
with  a  constant  feedback  gain,  k,  i.e.  with 


f  =  u  -P  y  with  y  —  kx, 


the  closed  loop  transfer  function  is  written  ; 


x(.s) 


\+kG{s) 


u(s) 


ijs) 

f(s)  +  kq(s) 


u(s) 


The  stability  of  closed  loop  system  can  be  investigated 
by  using  the  closed  loop  characteristic  polynomial  ; 
f{s)  +  kq{s) 

The  Popov’s  analysis  permit  to  extent  these  results  to 
particular  nonlinearities  described  by  : 


y  =  <t>(x)  with  <  k  Vi. 

X 

.Some  extension  exist  for  multivariable  systems. 

5.5  Stability  robustness 

Stability  robustness  and  simultaneous  stability  analy¬ 
sis  are  current  research  topics  of  real  practical  impor¬ 
tance. 

Let  us  just  mention  the  Kharitonov  results  concerning 
the  stability  of  .systems  described  by  the  characteristic 
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I 

> 

« 


polynomial  (4)  for  which  the  various  parameters  can 
vary  between  independent  limits  or  ; 

Si  <  <  “i- 

The  system  will  be  stable  for  all  these  parameters,  if 
the  four  following  polynomial  guarantee  the  stability. 

/l(s)  =  On  +0„_iS  +  0n_2S^  +  an_3S^  +  an-4S^  +  •  , 

/2(s)  =  On  +a„_is  +  a„_.^s^  -ba„_3s“  +  a„_4s'‘  -b  . . . , 
/3(s)  =  “n  +  «n-  IS  +  a„-2S^  +  fin-sS®  +  a„_4s‘* 

Ms)  =  a„  +  a„_iS-ba„_2S^+a„_3S^  +  a„_4s‘*  +  .... 


Such  results  have  extension  for  system  for  which  in¬ 
dependent  physical  parameters  are  varying  between 
bound.  Results  and  references  for  these  topics  can 
also  be  found  in  [2]. 

6  EXACT  LINEARIZATION  BY  FEEDBACK 

The  system  of  equation  ; 

m 

X  =  f(x)  +  +  8“ 

1=1 

is  said  to  be  feedback  linearizable  if  there  exist  a  dif- 
feomorphism  from  a  neighbourhood  of  the  origin  to 
72.’'  and  controls  given  by  : 

•  ^  ‘  72”  *  — ►  z  =  4i{x) 

•  u  =  a(x)  +  I3(x)  V 

such  that  the  system  is  transformed  by  $  into  the  lin¬ 
ear  system 

z  =  A  z  -b  B  V. 


6.1  Distributions 

Let  us  consider  d  smooth  vector  fields,  f,-,  i  — 
defined  in  an  open  set  U.  For  each  point 
X  the  corresponding  vectors  fi(x)  span  a  vector  space, 
A(x)  given  by  : 

A(x)  =  span{f,(x)}  or  simply  A  =  span{fi}. 


The  assignment  to  each  point  of  U  of  the  correspond¬ 
ing  linear  subspace  A(x)  is  called  a  (smooth)  distri- 
hutton. 

For  any  vector  fields  fi  and  the  Lie  bracket,  [fi,f2], 
of  these  vector  fields  is  a  new  vector  field  defined  as  : 


dx 


Further,  a  distribution  V  =  span{  )  is  said  to  be 
involulive  if  G  V. 

6.2  Conditions  for  exact  linearization 

The  vectors  fields  f  and  g  =  {gi  },  defined  in  (8), 
permits  to  construct  a  sequence  of  distributions  : 

D,  =  .■ipan{g}  =  span{ad^g) 

V2  =  ■‘-pfin{  g,  [f,g]}  =  .span{g,  adj.g} 


2>„  =  span{  g,  ad^g,  . . . ,  ad^  '  g  } 
or 

Dj  =  span{  ad^  g:fc=l,...,t— 1}; 

this  sequence  is  said  to  be  nested  as  clearly  :  ^1  C 

T>2C...CV„ 

The  exact  linearization  of  the  system  (8)  is  possible, 
see  [5],  if  ; 

•  dim{  g  )  =  rn 

•  dimVi  i  =  1, . . . ,  n  constant  in 
‘dimDn  =  n 

-Vj  involutive  j  =  1, . . . ,  n  —  1 

It  should  be  noted  that  in  the  previous  conditions  I>„ 
should  be  replaced  by  7)*  if  dirtiDt  —  n. 

The  above  mentioned  conditions  also  implies  the  fol¬ 
lowing  properties  ; 

3{ri,  -  -  ■  ,»*m}(ri  <  n)and{A.(a:),  f  =  1, . . .  ,m} 
such  that  : 

•  Lg.Ljp A^(x)  =  0  Vi,  jandik  =  0, 1, . . .  ,rj_2; 

•  the  matrix  : 

M(x)  =  A<|  is  nonsingular; 


•  =  n; 

i 

•  u  =  a(x)  -b  /9(x)  V  with  : 

0  =  M-'(x)  a  =  M-'  [ij^'A,]  ; 

•  z  =  A,  ;  i  =  1, . . . ,  TO  it,  =  1, . . . ,  r,} 


z  =  A  z  -b  B  V  with  A  =  diapj  A,, , . . . ,  Ar„  } 
and  B  =  diap{Br,, . . .  ,Br„} 

where 


■  0 

1 

0  . 

.  0  ■ 

■  0  ■ 

0 

0 

1  . 

.  0 

0 

Ar.  = 

0 

0 

0  . 

.  1 

cs 

II 

0 

0 

0 

0  . 

•  0 

1 

6.3  Construction  of  the  new  vsuriables 

The  functions  A;  which  permits  to  define  the  change  of 
variables  can  be  constructed  from  the  following  con¬ 
siderations  ; 

igjLfA^(*)  =  0  Vi,  j  and  1:  =  0, 1, . . . ,  ry_2 
=  :  {d\i,ad^gj)  =  Q  V«,y  and  *  =  0, 1, . . .  ,rj_2 
H  :  dAj  e 

and  rJso  that  span{dXi,dLf\i}  C  T^r,-2<  solution 
of  system  of  (partial)  differential  equations. 


I 

I 

5 

( 

i 

! 


I 
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7  MECHANICAL  SYSTEMS 

The  n  variables  gu  -,9n  are  called  generalized  coor¬ 
dinates  if  the  configuration  of  a  material  system  -  i.e. 
all  the  position  vectors  of  the  material  elements  with 
respect  to  inertial  space  -  can  be  described  by  purely 
algebraic  functions  of  these  variables  and  the  time. 
The  n  generalized  coordinates  vector  is  then  given  by  : 

q  =  [91  •  ■  •  9n]^ 

The  position  of  a  material  element  A'  €  -M,  where  Ad 
is  the  considered  material  system,  is  then  written  as  : 


5  =  5(91.  •  •  •  .9n,0  =  5(90. <) 
and  the  configuration  is  : 

^  {x(9nT)}- 

The  velocities  are  then  linear  functions  of  the  gener¬ 
alized  velocities,  (jn,  i  e  '- 


^  dx  .  dx 
5=2^  + 


<)q„ 


dt 


x(9<,,9«.0. 


The  kinetic  energy  is  then  quadratic  in  the  generalized 
velocities  and  can  be  written  as  ; 

T  =  f  x^xdm  =  ^q^Mq  +  r^q  +  To, 

Jm~  ~  ^ 

where  the  matrix  M,  the  vector  T  and  the  scalar  To 
are  functions  of  the  generalized  coordinates  and  time. 

7.1  Potential  Power  Principle 

The  local  equation  for  any  material  system  (without 
internal  momentum  distribution)  are  given,  for  any 
material  element  (-V),  by  : 


where  A9a  Me  arbitrary,  independent,  finite  changes 
of  the  generalized  velocities.  It  should  be  noted  that 
the  potential  velocity  field  is  linear  in  these  potential 
changes. 

For  such  a  velocity  field,  the  relation  (10)  becomes  : 

I  ic  •  Ax  dm  =  /  f  •  ^  dm .  (11) 

The  left  hand  side  of  (ll)can  be  expressed  as  : 

^  (  d  dT  dT\  . 

~  ^^\dtdqa  dqcj 

even  in  practise,  this  expression  can  be  computed  in 
a  much  more  efficient  way.  This  form  is  given  here  in 
order  to  show  the  structure  of  the  obtained  equation 
of  motion. 

7.2  Lagrangiau  iiiechauics 

7.2.1  Conservative  systems 

A  mechanical  system  is  said  to  be  lagrangian  -  or  con¬ 
servative  from  an  harniltonian  point  of  vue  -  if  the 
potential  power  of  all  the  interactions  acting  onto  the 
system  can  be  expressed  as  : 

AT  =  /  f*  Ax  dm  =  -  >  -r — A90 

where  U  =  f/(9c()  is  a  function  of  the  generalized 
coordinates  and  time  an  is  called  the  potential  energy 
of  the  system. 

The  Lagrangian  of  the  system  is  then  defined  as  ;  L  = 

T-U. 

Further,  the  Aqa  having  been  cissumed  to  be  indepen¬ 
dent,  the  equations  of  motion  have  the  form  ; 


X  =  f 


(9) 


where  f  is  the  local  force  density. 


The  scalar  product  of  (9)  by  any  vector  field  a  inte¬ 
grated  on  the  considered  material  system  provides  the 
relation  : 


/ 

JM 


(  X  —  f  )«adm  =  0. 


(10) 


It  should  be  noted  that  if  a  is  the  (actual)  velocity 
field  (a  =  x)  the  previous  relation  is  equivalent  to 
the  mechanical  energy  relation  : 


T  =  /  X’xdm  =  j  {•xdm  =  P, 

Jm  ~  ~  Jm 

where  P  is  the  power  of  all  the  interactions  acting  onto 
the  considered  system. 

One  can  also  define  a  potential  velocity  field  compat¬ 
ible  with  a  choice  of  independent  generalized  coordi¬ 
nates  as  : 


Ax  ^  x(9„,  9a -f  A9rt,/) - 


d_^  _  ^  -  0 

dt  dq  dq  dq 

or 

l(MqTr)-|^  =  0 

The  Hamiltonian  function  is  then  defined  as  : 

H  =  H(p,q,t)'=  p^q-  L(q,q,t) 

where  q  is  expressed  as  a  function  of  the  generalized 
momemtum  vector,  p  defined  as  ; 

def  dL  X-  ■  ,  r- 

p  =  -3^  =  Mq  -b  r. 

It  can  be  easily  checked  that  for  conservative  systems, 
the  time  derivative  of  the  Hamiltonian  along  a  trajec¬ 
tory  is  given  by  : 


4-7 


7.2.2  Dissipative  systems 

A  mechanical  system  is  said  to  be  dissipative  from 
a  Rayleigh  point  of  vue  if  the  potential  power  of  the 
interactions  which  do  not  ’’derive”  from  a  potential 
can  be  expressed  as  ; 

^Pd  =  /  fd'Ajdm  =  - 

JM  ^ 


where  K  is  ei  quadratic  positive  (semi)  definite  function 
of  the  generalized  velocities. 

For  such  systems  the  equations  of  motion  have  the 
form  : 

^  ^  -  n 

dt  f^q  i9q  5q  dq 

Further  the  Lie  derivative  of  the  Hamiltonian  is  here  : 


dq 


7.2.3  Autonomous  systems 

A  system  is  said  to  be  autonomous  if  the  correspond¬ 
ing  Lagrangijui  does  not  explicitly  depend  on  time,  i.e. 
if  the  matrix  M,  the  vector  F  and  the  scalair  To  —  If 
are  not  explicit  functions  of  time. 

It  should  be  noted  that  for  an  autonomous  system,  the 
position  vector  of  the  various  point  can  be  described 
by  explicit  functions  of  time.  This  is  a  classical  situa¬ 
tion  in  rotational  dynamics. 

For  such  systems,  the  equilibrium  configurations  are 
given  by  the  following  system  of  algebraic  equations  ; 

^(f/-T’o)  =  0  (12) 

Further,  in  this  case,  the  time  derivative  of  the  Hamil¬ 
tonian  along  a  trajectory  is  given  for  conservative  and 
dissipative  systems  respectively  by  : 

fi  fj 

H  =  0  and  H  =  — q^-^  <  0. 

dq 

C'onsequently,  the  hamiltonian  is  a  ’’good”  c2uididate 
as  a  Liapunov  function  for  such  systems. 

The  dissipation  is  said  to  be  pervasive  along  a  trajec¬ 
tory  if  it  is  never  identically  equal  to  zero  along  this 
trajectory  (except  at  the  equilibrium). 

7.2..)  Linearized  autonomous  system 

Around  a  given  equilibrium  -  given  by  (12)  -  the 
quadratic  forms  (obtained  by  appropriate  series  ex¬ 
pansions)  of  L  and  R  are  given  respectively  by  : 


L  =  ^q^Mq-f  q^N^q-f  ^q^Kq 
and  R  =  ^q^Cq 

where  M,N,K  and  C  are  constant  matrices.  With 

G  '=  N  —  =  G^,  the  corresponding  equations  of 

motion  are  given  by  ; 

Mq-fGq-f  Kq  =  — Cq. 


The  corresponding  hamiltonian  and  its  time  derivative 
(expressed  in  terms  of  the  generalized  coordinates  are 
the  respectively  given  by  : 

H  =  ^q^Mq -t- -q^Kq  and  H  =  — q^Cq. 

The  hamiltonian  is  an  appropriate  Liapunov  function. 

If  the  damping  is  pervasive,  using  the  above- 
mentioned  theorems  (Lasalle  and  Chetaev),  the  cor¬ 
responding  equilibrium  is  asymtotically  stable  or  un¬ 
stable  when  the  Hamiltonian  is,  respectively,  positive 
definite  or  sign  undefinite  [8]. 

Systems  with  integrals  of  motion  or  constraints 

When  the  constraints  are  independent  algebraic  func¬ 
tions  of  the  generalized  coordinates,  some  of  these 
variables  can  be  eliminated  and  a  reduced  order  sys¬ 
tem  is  obtained,  the  corresponding  Hamiltonian  can 
then  be  used  as  a  Liapunov  function. 

More  interesting  are  (independent)  non  holonomous 
constraints  and  integrals  of  motion  which  are  linear  in 
the  velocities.  They  both  can  be  written  as  m  linear 
relations  between  the  generalized  velocities,  under  the 
form  of  the  system  ; 


Aq  -t-  b  =  0, 

If  Aq  is  a  regular  m  x  m  submatrix  of  A  (possibly 
obtained  after  having  reordered  the  variables),  this 
system  can  be  rewritten  as  ; 

Aoqo  +  A  ]  q, -|- b  =  0  (13) 

if  the  generalized  coordinate  vector  hEis  been  parti¬ 
tioned  as  : 

q  =  ko  qf]^- 

One  can  use  the  Lagrange  multiplier  technique  to  find 
the  equations  of  motion. 

On  the  other  hand,  the  stability  can  be  directly  anal¬ 
ysed  by  eliminating  qo  -  using  (13)  from  the  hamil¬ 
tonian  or  by  using  of  a  modified  Hamiltonian  of  the 
form  : 


V  =  //-F(Aq-f  b)'^Q(Aq-l-b) 

whose  time  derivative  is  clearly  equal  to  H  and  where 
Q  can  be  selected  in  order  to  eliminate  generalized 
velocities  which  do  not  appear  in  H.  The  stability 
with  respect  to  the  remaining  variables  can  then  be 
analysed  in  a  straightforward  manner. 

Constraint  damping 

In  many  aerospace  applications  (such  as  rotating  sys¬ 
tems)  the  dissipative  interactions  (in  particular  the 
aerodynamical  interactions  or  the  interactions  in  bear¬ 
ings)  do  not  derive  from  a  Rayleigh  function.  In  fact, 
the  corresponding  generalized  forces  are  then  func¬ 
tions  of  the  generalized  velocities  and  of  the  gener¬ 
alized  variables  and  can  be  written  in  linear  approxi¬ 
mation  as  : 


Qd  =  -(Cq  +  Fq) 
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and  the  equations  of  motion  are  then  given  by  : 
Mq+(G  +  C)q-t-(K-F)q  =  0. 

It  is  still  possible  to  obtain  a  simple  Liapunov  func¬ 
tion,  when  one  can  write  F  =  CS  and  if  S,  MS,  KS 
are  skew  symmetric  matrices  and  GS  is  a  symmetric 
matrix  [9]. 

In  this  case,  a  modified  Hamiltonian  is  given  by  : 

V  =  ^q'^Mq-q^SAq-l-^q'^(K-GS)q,  (14) 

the  time  derivative  of  this  function  along  a  trajectory 
being  given  by  the  negative  (semi)  definite  function  ; 

V  =  -(q-l-Sq)^C(q-l-Sq). 

In  other  case,  the  search  for  an  appropriate  Liapunov 
function  is  more  difficult  and  it  is  generally  easier  to 
use  the  techniques  presented  in  section  5. 

8.  APPLICATION  TO  GYROSTATS 

We  will  show  now,  as  an  example,  how  the  above  pre¬ 
sented  method  can  be  used  and  we  will  consider  a  de¬ 
formable  orbiting  satellite  with  internal  rotating  parts. 
This  can  be  a  dual  spin  system  or  a  system  which  can 
be  controlled  by  flywheels. 


The  orbit  will  be  assumed  to  be  circular  and  the  cor¬ 
responding  angular  velocity  vector  is  : 


where  u/q  is  constant.  The  orbital  base  is  the  beise 
{X„},  with  Xi  aligned  with  the  Eiscendent  local  ver¬ 
tical,  X2  tangent  to  the  orbit  and  X3  aligned  with  the 
normal  to  the  orbit. 

The  body  frame,  {xa},  has  a  relative  orientation  with 
respect  to  the  orbital  base  which  is  described  by  the 
orientation  matrix  [>l],  i.e.  ; 

[x]  -  U](X] 

and  its  rotational  velocity  with  respect  to  inertial 
space  is  the  vector  w  with  components  ai|,  UI2,  uig  in 
the  body  frame  or 


where  [ui]  is  the  corresponding  component  matrix. 

The  relative  internal  momentum  of  the  rotors  -  cis- 
sumed  to  be  symmetrical  with  respect  to  the  rotation 
axis  -  is  represented  by  the  vector  h.  Each  rotor  can 
possibly  be  controlled  by  torques  (along  there  rotation 
axis);  the  corresponding  control  vector  normalized  by 
the  respective  moments  of  inertia  is  the  vector  u. 

Deformation  will  be  considered  in  order  to  be  able  to 
introduce  internal  damping.  These  deformations  will 
be  described  by  deformation  variables,  represented  by 
the  vector  /3;  the  corresponding  displacements  will  be 
assumed  to  be  algebraic  function  of  these  variables; 
the  inertia  tensor  and  the  internal  angular  momentum 
are  clearly  functions  of  these  deformation  variables. 

For  low  altitude  orbits,  the  gravity-gradient  torque 
has  to  be  considered.  This  torque  can  be  expressed 
in  terms  or  the  actual  inertia  tensor  of  the  system  J 
(expressed  as  a  function  of  the  deformation  variables) 
Ets  : 

L  =  L^o^X,  X  J.X,. 

8.1  Equations  of  motion 

The  general  equations  of  rotation  cein  be  written  ; 

H  =  L 

with  H  =  J»w  -f-  h  L  =  .ScwqXi  x  I»Xi, 

where  c  =  1  if  the  gravity  torque  has  to  considered 
and  c  =  0  otherwise. 

The  rotors  equations  around  their  axis  of  rotation  will 
be  written  ; 

Pi  -  Mi,  i  =  1,  2,  3 

where  pi  are  the  moment  of  momentum  of  the  rotors 
about  their  axes  and  Af,-  are  the  corresponding  applied 
torques. 

We  also  have  to  consider  the  kinematical  relation 
which  relate  the  matrix  [.4]  to  the  rotational  veloci¬ 
ties  of  the  orbital  and  body  bases,  i.e.  : 

[.4]  =  —  [w]  [i4]  -|-  [/l][u)o] 

where  hide  matrices  are  are  expressed  in  terms  of  the 
corresponding  vector  by  the  relation  ; 


■  W] 

■  0 

— W3 

U)2 

W2 

[w]  = 

W3 

0 

-OJi 

W3 

-W2 

Wl 

0 

and  the  equations  of  deformation. 

8.2  Equilibrium  configuration 

At  equilibrium,  the  matrices  [A]  and  [/»]  are  constant. 
Further,  the  rotational  velocity  is  given  by  ; 

u;  =  ujo  =  Wo  X3 

y  ~  +  ho  =  Ho 


0 

0 

Wo 


4-‘J 


with 


J3 


This  permits  to  write  the  following  equilibrium  condi¬ 
tions 

0^0X3  X  Ho  =  SwgXi  xI.Xi.  (15) 

which  implies  that  at  equilibrium  the  inertia  matrix 
has  the  form  : 


Further,  we  will,  a  priori,  assume  that  damping  terms 
are  linear  in  the  deformation  velocities. 

The  corresponding  linearized  equations  (around  the 
nominal  equilibrium)  have  the  expected  form  ; 

Mq  +  Gq  +  Kq  =  — Cq, 

where  here 

q  =  [^1  ^2  ^3 

and  the  matrices  M,  G,  K  and  C  are  given  by  the 
relations  : 


[/] 


/i  0  — otJ\ 

0  I2  '~J2 
—aJi  —Ji  I3 


where  a  =  i  if  the  gravitational  torque  is  considered 
and  a  =  1  in  free  space.  Additional  conditions  con¬ 
cerning  the  deformation  variables  have  to  be  satisfied. 
VVe  will  assume  that  they  correspond  (possibly  after 
an  appropriate  change  of  definition)  to  ^  =  0. 


M  = 


1  0  1 
0  m 


C 


0  0 
0  Cff 


with  Gi  —  {I\  +  I2  —  h  —  -^3)  and 


8.3  Dual  spin  satellite 

Such  systems  are  designed  to  have  Jy  =  J2  —  0. 
At  equilibrium,  the  inertia  matrix  is  thus  a  diagonal 
matrix.  In  other  words  the  principeil  axes  are  aligned 
with  the  orbital  axes  or  with  a  nominal  rotating  frame. 


K  = 


0 

K2 

0 


where 


A’l  =  /a  — /2-|-d3  A’2  =  <l(^3~^l)  +  >^3  A'3  =  6(/2  — /l) 

and  the  matrices  A,  and  IT  are  functions  of  the  defor¬ 
mation  shapes  associated  with  the  deformation  vari¬ 
ables.  In  these  expressions,  for  freely  spinning  systems 
a  =  1  and  b  —  0  and  for  gravity  stabilized  systems 
0  =  4  and  6=3.  Further  the  expression  of  TT  differs 
in  these  two  cases. 

fi.S./  Gravity  stabilized  satellite 

For  gravity  stabilized  gyrostats,  the  hamiltonian  can 
be  taken  as  Liapunov  function  and  further  it  can  be 
checked  that  the  damping  is  pervasive.  The  corre¬ 
sponding  asymptotic  stability  conditions  can  be  writ¬ 
ten  : 


For  small  angular  deviation  around  this  equilibrium, 
we  will  describe  the  matrix  [A]  by  a  sequence  of  rota¬ 
tions  around  successive  1-,  2-  and  3  axis  respectively; 
the  corresponding  rotation  angles  Oy ,  02  and  O3  are 
called  Tait-Bryan  angles. 

The  linearized  kinematical  relation  provide  the  follow¬ 
ing  relations  between  these  angles  and  the  components 
of  the  rotational  velocity  vector  : 

uiy  —  By  —  wo^2i  <**2  —  ^2  +‘*'0^1  *nd  W3  —  a»o 

The  rotors  will  be  suppose  to  have  constant  relative 
angular  velocities.  In  order  to  obtain  exact  linearized 
equations  in  the  deformation  variables,  it  is  necessary 
to  used  a  second  order  description  of  the  displacement 
field  with  respect  to  the  deformation  variables.  Failure 
to  do  so  eliminates  the  so-called  stiffening  terms  due 
tri  the  rotation  [10]. 


I3  —  h  -I-  J3  >  0>  d(/3  —  /i)  T3  >  0,  I2  —  h  >  0 

together  with  conditions  on  the  generalized  stiffnesses. 
In  the  above-mentioned  conditions  J3  can  be  ex¬ 
pressed  as 


Wo 


where  D  is  the  relative  angular  velocity  of  the  rotor 
and  /'  is  the  corresponding  moment  of  inertia. 

8.3.3  Spin  stabilized  free  system 

For  spin  stabilized  systems,  the  damping  is  clearly  not 
complete  tis  the  system  can  be  in  equilibrium  when 

/3  =  0  and  Wj  =  W2  =  0, 

i.e.,  when  By  and  B2  are  solution  of  the  system 

By  —  u;o^2  —  0  ^2  "b  Wo^l  =  0. 
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For  such  a  system,  there  is  no  external  torques.  This 
means  that  the  total  angular  momentum  is  a  constant 
vector.  In  particular  the  components  of  this  vector 
along  the  axes  Xi  and  X2  are  identically  equal  to 
zero,  or 

H.Xi  =  H.X2  =  0. 

Theses  relations  are  linear  in  6\  and  62  and  these  vari¬ 
ables  can  be  eliminated  from  the  Hamiltonian  which 
will  give  stability  conditions  for  the  system  without 
external  perturbations. 

8.3.3  Shaft  constraint  damping 

A  simple  example  of  constraint  damping  is  provide 
by  the  damping  in  the  shaft  assembly  connecting  the 
rotor  to  the  main  body. 

The  deformation  of  the  shaft  can  be  described  by  to 
rotation  angles  say  /?i  and  /?2-  In  first  approximation 
the  dissipation  in  the  body  part  of  the  bearing-shaft 
assembly  can  be  described  by  the  following  Rayleigh 
function  : 

Rc  -  + 

where  c  is  the  corresponding  linear  damping  coeffi¬ 
cient. 

Energy  dissipation  takes  place  in  the  rotor  part  of 
this  assembly  (in  particular  in  the  rotating  shaft)  even 
when  the  deformation  angles  remain  constant;  the  cor¬ 
responding  deformation  rates  being  then  equal  to  n/?2 
and  -Q0\  respectively.  The  corresponding  Rayleigh 
function  will  be  written  Uiid  t  the  form 

Re  =  ym-t-u02f  +  i02-mf] 

where  o'  is  the  corresponding  linear  damping  coeffi¬ 
cient. 

In  general,  one  cannot  find  a  simple  modified  hamil- 
tonian  for  this  system  and  classical  method  should  be 
used. 

.Nevertheless,  when  both  bodies  (i.e.  the  platform  and 
the  rotor  are  symmetrical,  the  conditions  for  taking 
the  modified  hamiltonian  (14)  are  satisfied.  In  partic¬ 
ular,  if  the  platform  has  no  nominal  angular  velocity, 
the  "main”  stability  condition  is  given  by  the  relation  : 


where  I  is  the  global  transverse  moment  of  inertia 
{I^  =  I2  =  [).  It  should  be  noted  that  this  condition 
is  then  always  satisfied  when  there  is  no  dissipation 
associated  with  the  rotor. 

For  this  symmetrical  system,  one  can  also  define  the 
following  complex  variables  ; 

9*  =  -f-  j^2  and  0*  —  /?i  -f  j02 

and  obtain  a  complex  system  of  equations  (whose 
characteristic  polynomial  has  complex  coefficients) 
and  use  the  corresponding  modified  Hurwitz  stability 
criterion.  'Fhe  results  obviously  -  are  equivalent  but 


can  be  extended  to  more  complicated  systems  such  as 
multi-rotor  systems. 

8.4  Rigid  gyrostat 

For  gravity  stabilized  rigid  gyrostats,  the  variables  of 
the  non  linear  system  are  the  components  of  the  rota¬ 
tional  velocity,  the  rotor  momenta,  and  the  elements  of 
the  orientation  matrix  [A],  together  with  the  orthog¬ 
onality  constraints  associated  with  this  matrix.  It  is 
interesting  to  mention  that  the  corresponding  system 
of  equations  is  quadratic  in  the  corresponding  vari¬ 
ables  -  what  somewhat  simplifies  the  analysis. 

It  can  then  be  shown,  [11],  that  the  exact  linearization 
conditions  are  satisfied  -  except  for  isolated  configu¬ 
rations  which  are  known  to  be  non  controllable.  This 
conclusion  can  be  extended  for  freely  spinning  systems 
without  external  perturbations. 

The  variables  of  the  corresponding  linear  system  in¬ 
clude  the  three  projections  of  the  total  moment  of  mo- 
memtum  on  the  orbital  axes,  H*X,-  i  =  1,2,3,  the 
three  deviations  from  the  equilibrium  conditions  ( 15), 
the  various  constraints  -  further,  the  constraints  de¬ 
fine  slices  in  the  state  manifold  and  consequently  are 
decreasing  the  dimension  requirements  for  the  corre¬ 
sponding  distributions  -  of  as  well  a«  some  combina¬ 
tion  of  the  orientation  pau-ameters. 

This  linearization  permits  to  define  optimal  proce¬ 
dures  for  large  mauioeuvres  such  as  detumbling,  cap¬ 
ture  and  seasonal  reversals, 
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SUMMARY 

Wo  coiiakler  the  non-liiicar  longitudinal  stability  problem  (§1)  of 
aircraft  starting  a  dive  from  an  initial  velocity  far  removed  from 
the  steady  dive  speeds:  the  aim  is  to  find  a  pitch  control  law,  which 
will  keep  the  aircraft  in  a  constant  glide  slope,  compensating  for 
the  pliugoid  mode  (52).  The  problem  is  extended  to  account  tor 
the  presence  of  arbitrary  atmospheric  winds,  e.g.  windshears  (§3). 
The  theoretical  stability  curves  are  compared  with  flight  test  data 
(§d),  obtained  using  the  BAFR  (Basic  aircraft  for  flight  research) 
in  Portugal  (§5).  The  model  includes  a  number  of  effects,  and  has 
also  some  restrictons,  which  do  not  affect  its  suitability  for  the 
present  application:  (1)  it  includes  compensation  of  the  phugoid, 
but  not  short-period,  mode  i.e.  neglects  rotational  inertia;  (ii)  it 
accounts  for  boundary-layer  and  induced  drag,  but  not  wave  drag, 
i.e.  applies  at  low  Mach  numbers,  typical  of  approach  to  land;  (iii) 
it  neglects  lateral  nrotion,  but  allows  for  non  linear  effects  on  lon¬ 
gitudinal  motion;  (iv)  it  leads  to  a  free-flying  control  law,  in  stall 
free  conditions,  and  in  the  absence  of  autopilot  or  active  control. 
These  additional  effects  would  be  relevant  to  other  applications, 
and  would  require  extension  or  modification  of  the  pre,sent  model. 
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LIST  OF  SYMUOLS 


(i,b,d  paratnetors  of  non-linear  mathemalical  model  of 

longitudinal  stability  (9a,  b,c) 
a^.^Uy^n^  longitudinal,  lateral  and  vertical  arcelcralion 
fiirioil  chord  or  mean  wing  chord 
/  longitudinal  stability  cooffici(Mit  (dO) 

param(?tois  of  engine  thrust  versus  velocity 
relation  ( 7) 

<1  acceleration  of  gravity 

b-  »*rrc^r  in  airspeed  measurement 

coefficient  of  induced  drag  in  (5) 

I  lengthscale  of  windshear 

m  aircraft  mass 

parameter  in  normalization  of  dive  velocity  (42b) 
p  fluid  pressure 

t  time 

n  longitudinal  wind  velocity 

perturbation  of  groundspee<l  due  to  wind 
U'  vertical  wind  v(>locity 

•f  di’^innce  along  {light  path 

•  altitixle 

.1  magnitude  of  longitudinal  wiiol^hear  {37) 

C'/j  total  drag  roeiricient 

f'/.)/  boundary  layer  drag  coefficient  in  (o) 

(  'l.  liTl  coefneient  at  arbitrary  angle.()f  atla<  k 

^^\.o  lift  roetneient  at  zero  angle-of-attack 

lift  slope  (■/.„  =  OC'ijda 
o  orag  lon.e 

/'  total  dimensionless  force  along  flight  path  (8) 

■/  groundspeed  U  normalized  to  minimum  drag  speed  V,mi 

■A,  fununali/ed  groundspeed  .a  time  I  =  0  or  start  of  test 
run  t  = 

J±  iiortnalizod  stead)  dive  sj)oed 

J\  tiormalizod  ground  at  end  of  test  run  t  = 

A/  Mach  number 

P  p(*rtuibation  of  groundspeed  divided  l)y  groundspeed  (38a) 
Q  porturl)alion  of  airspeed  diviaed  by  groundspeed  (38c) 

S'  reter<*rice  surface  area  for  aerodynami<  forces 
/'  thrust 

Irntn  thrust  for  flight  at  minimum  drag  speed 
/  thrust  corrected  for  weight  along  flight  [)ath 
('  groundspeed  along  fligiiT.  path 

A,,  initial  grf)undspced  along  flight  path 

A’ 4-  'stable  steady  dive  gronndsp<'ed 

/  unstable  steady  dive  groundspeed 

minimum  drag  speed 
V  true  iiir  speed 

r,  stalling  speed 

A  distance  x  along  flight  path  normalized  to  lengthscale 

V'  function  in  stability  response  (35b) 

o  angleof-attack 

•>  glide  slope  angle 

♦  angle  of  thrust-line  with  flight  path 

<0  angle  of  thrust-line  with  aircraft  longitudinal  datum 

'  average  value  of  t 

A  coefficient  in  non-parabolic  lift-drag  polar  (5) 
p  aircraft  parameter  for  longitudinal  response  (38b) 
thresholds  for  glide  slope  at  start  and  end  of  dive 
p  trta-ss  density  of  atmospheric  air 
r  aerodynamic  time  scale  of  longitudinal  response  (30) 

B  pitch  angle 
B  average  pilch  angle 
(  eU'vator  deflection  angle 


§1-  INTRODUCTION 

The  type  of  stability  analysis  most  often  performed  concerns  small 
perturbations  from  a  constant  or  slowly  evolving  mean  state;  it 
leads  to  systems  of  linear  ordinary  differential  equations  with  con¬ 
stant  coefficients,  which  can  be  analysed  using  Laplace  transforms 
or  tlie  usual  methods  of  control  theory VVheii  the  deviati¬ 
ons  from  the  reference  state  are  large,  one  is  lead  to  non-linear  dif¬ 
ferential  equations  the  non-linear  problems  have  received  much 
recent  attention,  e.g.  in  connection  with  flight  at  high-angles  of 
attack  and  spins^.  A  distinct,  but  also  non-elemenlary,  stability 
problem  arises  for  small  perturbations,  w’hen  the  reference  stale 
is  itself  varying  rapidly,  i.e.  on  time  scales  comparable  to  those  of 
the  perturbations'®;  an  example  is  the  excitation  of  the  phugoid 
or  short  period  mode,  by  atmospheric  disturbances  of  compaia- 
ble  time  scale.  This  kind  of  problem  leads  to  linear  differential 
equation,  with  coelTicients  varying  with  time  it  was  a  topic  of 
considerable  research  in  the  past,  and  altlioiigh  it  has  gone  a  bit 
out  of  fashion,  it  has  not  lost  its  relevance.  We  address  both  ty¬ 
pes  of  non-elementary  stability  problem  L  viz.  non-linear  and 
un.sleady,  in  connection  with  ai-^rafl  longitudinal  response  in  a 
dive. 

§2  NON-LINEAR  LONGITUDINAL  STABILITY  IN 
A  DIVE 

hn-  the  pres(»ni  section  (1(2)  we  consider  flight  in  still  air.  so  that  we 
need  not  distinguish  true  airsp(>e(i  V'  from  groundspeed  and  will 
r<*a.son  in  terin.s  of  (he  lutJer.  We  consider  and  aircraft  which  starts 
a  <livo  at  an  arbitrary  initial  ground.spiMMl  ~  A'(0),  which  may 
b<*  l.ir  removed  from  any  of  lh<‘  two  steady  dive  sj)e<’(ls  It  will 
l)e  shown  later  that  >  A’.  ,  atul  the  upper  steady  dive  speed  L'+ 
is  stable,  and  the  lower  U-  unstable;  thus  (i)  after  a  long  time  I  -* 
X  .  the  aircraft  Kit  her  temls  to  t  he  stable  dive  .speed  I’it)  —  A^ ,  or 
(ii)  it  diverges  from  the  unstable'  dive  sj)eed  (/'_  -  /'(/)  increases, 
towards  a  .stall  ('(/,)  —  ('s  finite  lime  t  =  fg}.  Kither  in 
tlie  stable  (i)  or  unsiabh*  (ii)  otso,  i  lu'  piohlem  is  non-linear  if 
the  groundspeed  /AO  ‘it  some  time  differs  considerably  from  both 
sl«*ady  dive  speetls,  i.e.  neither  of  the  conditions  }  /’^  —  Vf,  )<C  /'  + 
or  1  /  ^  -  nl  |<  Ui  is  mot.  From  exantple,  the  problem  would 
be  i«on  linear  trom  lime  t  ~  0,  if  lh«  aircraft  started  the  dive  at 
a  ground  far  removed  from  both  steady  dive  .speeds,  i.e.  none  of 
two  ctmdilions  |  -  //±  |<  (/|  is  met. 

In  operations,  there  could  be  several  reasons  why  an  aircraft  might 
start  a  dive  from  a  cruise  or  loiter  speed  far  lemoved  from  the 
steady  dive  speeds,  e.g.:  (a)  it  could  .start  an  emergency  approach 
to  a  landing  strip  .seen  late  due  to  poor  visibility;  (  b)  it  could  start 
Hacking  a  target  of  opportunity  spotted  at  the  last  moment.  In 
such  cases  the  pilot  wotdd  try  to  keep  on  a  constant  gildc  slope, 
either  by  adjusting  incidence,  or  by  thrt)ltliMg  the  engine,  or  both, 
so  that  the  Irajoctory  lies  on  an  inclined  plane;  the  lateral  control 
inputs,  e.g.  yaw  or  roll,  if  they  renuiiii  small,  i.e.  linear,  do  not 
couple  to  the  longitudinal  motion,  which  may  be  iion-l:near.  In 
thi.i  case,  of  small  lieading  changes,  the  trajectory  is  approxima¬ 
tely  a  straight  line,  and  our  non-linear  stability  problem  has  two- 
degrees-of-froedom,  associated  with  the  phugoid  and  short-period 
mode.  8incc  we  are  concerned  with  longer  time  scales,  we  may 
omit  the  short-period  mode,  by  neglecting  the  rotational  intertie 
of  the  aircraft,  i.e.  assuming  that  a  desired  value  of  the  angle-of- 
attack  can  be  obtained  almost  instanlanTOusly,  i.e.  on  a  time  short 
compared  with  the  period  of  the  phugoid.  Thus  wo  are  left  with  a 
oiie-dimensioiial  non-linear  stability  problem,  in  a  sense  inverse  to 
l.aiif hosier  s  *'  phugoid,  and  which  may  be  staled  as  follows:  if  an 
aircraft  .starls  a  dive  from  an  arbitrary  initial  ground  /^  =  /A0)> 
how  should  the  groundspeed  //(O  (or  anglc-of  attack  (o(())  vary 
mi.t.  firno  /  «o  that  it  keens  on  a  constant  slide  slope'/;  an  alter¬ 
native,  and  equivaletU,  .statement  is:  what  is  the  pitch  control  law 
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0(t),  to  be  flown  by  the  pilot,  or  programmed  into  an  automatic 
control  system,  which  will  exactly  compensate  the  phugoid,  and 
deep  the  .aircraft  on  a  constant  slide  slope  angle  7'  This  problem 
is  almost  as  old  as  hanchesler’s  phugoid  and  could  be  called 
the  “inverse  phugoid  problem  ’’  it  was  not  settled  as  definitively 
as  the  phugoid  problem,  for  the  inverse  problem  has  been 
the  subject  ot  later  research 

Our  one  dimensional  non-linear  longitudinal  stability  problem  is 
represented  in  figure  1:  the  aircraft  flies  along  a  constant  glide 
slope  7  with  groundspeed  /■'  =  dxjdl^  w'here  £  is  the  distance 
along  I  he  flight  path:  it  is  acted  upon  liy  four  forces,  namely,  the 
weight  ir  along  the  vertical  downwards,  the  lift  L  transverse  to 
the  flight  path  upw'ard.s  in  a  vcrtiral  piano,  the  drag  D  opposite  to 
the  motion,  and  the  thrust  T  along  the  motion  (in  some  cases  the 
thrust  may  make  an  angle  c  with  the  flight  path,  viz.  f  =  6  +  e^, 
where  &  is  the  pitch  angle  and  to  is  the  angle  of  the  thrust  line 
with  the  aircraft's  longitudinal  datum).  Ihe  mathematical  model 
is  specified  by  the  balance  of  tiansvcrse  and  longittidinal  forces. 
The  former,  transverse  force  balance,  is  static,  and  states  that  the 
lift: 

ir/,(Q)p5C/^  =  i  =  H^COST -Tsinc,  (I) 

i.s  balanced  by  the  component  of  weight  transverse  to  the  flight 
path  <  minus  the  travcr.se  component  of  thrust,  if  latter  does  not  lie 
along  \he  [light  path);  the  latter,  longitudinal  forte  balance,  slates 
that  the  inertial  force,  equal  to  mass  m  =  Wjg  times  acceleration; 

(Wlg)dV/dt  =  T rose  -  D  -  W s'lix-j,  (2) 

lialance  the  (longitudinal  component  of  )  thrust  !\  minus  drag  D 
and  longitudinal  component  of  weight  The  drag  is  specified  by  a 
formula  similar  to  the  lift  (1): 

D  =  (3) 

rr()laciiig  lift  C/.  by  drag  C'd  coefficient.  VVe  can  make  (2)  di¬ 
mensionless  by  dividing  by  the  weight,  and  using  (1)  and  (3),  we 
conclude  liiat  the  longitudinal  acceleration,  made  dimensionless 
liv  dividing  by  the  acceleration  of  gravity: 


n  'dl'/dl  =  -  sin  7-(7'/H' )  cos  (  f-ios  7((.'/j/CL)/ll  +  (3/^')sin  c}, 

(4) 

is  determined  by  the  longitudinal  component  of  weight,  the  ihrusl- 
to  weight  ratio  T jW  projected  on  the  flight  path,  and  the  drag- 
to-lift  ratio  ('dIC’i,  modified  by  glide  slope  cos  7.  The  last  term  in 
(  t)  can  he  omitted  (7/ A)  sin  f  «  I.  if  either  Ihnist  makes  a  .small 
angle  wilh  path  sine  <  1.  or  lift-to-drag  ratio  is  high  T/L  ~ 
Dll.  1,  or  product  of  these  two  is  negligible  compared  to  unity. 

Siiitr  our  problem  is  one-dimensional,  the  r.h.s.  or  (4)  should  be 
exjuessible  in  terms  of  groundspeed  alone.  To  do  this,  we  note 
that  for  low  Mach  number  flight,  i.e.  incompressible  flow  Af  ~ 
0.3.  we  ( ;in  neglect  wave  drag,  and  the  drag  coefficient  consists 
of  three  other  terms;!' !  boundary  layer  drag,  which  is  due  to  .skin 
friction,  and  thii.s  indepenrient  of  lift  (ii)  induced  drag,  which 
IS  proportional  to  the  square  of  the  lift  coefficient  (iii)  the 
parabolic  lift  drag  polar  resulting  from  (i)  and  (ii),  may  have  a 
non-paraholic  correction,  proportional  to  lift; 

('p{n}  -  (Ipi  f  k{l”/,9rr)}^  -f  At"/,{o).  (5) 

l  liiisi  Iasi  term  in  (4)  can  be  written,  after  omission  of  the  factor 
III  ciiiiy  braikets; 


cos7{C/j(a)/C/,(cr)}  =  cosyCoj /Cila)  +  k  c.osfC'iJa)  -t-  A  cos  7  = 
=  {pSI‘2W)CofU^  +  (2fV/p5)k7''"^  cos^  7  -I-  Acos7 

(6) 

where  in  the  last  formula  we  substituted  Ci(Q)  from  ( 1 ),  ommiting 
the  term  -  Tsine/W 

COS7  x;  (D/i)sin  «  1,  as  assumed  before.  We  assume  that  the 
ihrust-to-weight  ratio  has  a  dependence  on  groundspeed  similar 
to  (6),  viz.; 

TIW  =  U--hU‘  -  J2IU\  (7) 

where  are  constants  for  a  given  engine  type. 

Substituting  (6)  and  (7)  into  (4)  we  obtain  a  single-  equation  for 
lh(*  groundspeed: 

g-'dU/dt  =  a-bU'^-  d/U^  =  F{V),  (8) 

where  the  total  force  per  unit  mass  along  the  flight  path,  involves 
three  coefficients: 

as  /o  cos  <  -  sin  7  -  A  cos  7  (9a) 

6= /icosf +  Ci,/(pS/2W),  (9b) 

d  = /zcosf  +  lrcos^7(2W/p5);  (9c) 

with  two  exceptions,  these  coefTreients  are  conslanl.  since  they  de¬ 
pend  on  aircraft  parameters  ff ,  S,  aerodynamic  coefficients  C 
flight  parameters  7,  and  propulsion  characteristics  /c./i./j  which 
are  all  constant.  The  first  exception  is  the  angle  of  the  thrust- 
line  with  the  aircrafts  flight  path  (,  for  which  we  take  an  average 
value  (  =  -I-  9  involving  the  conslanl  angle  to  the  aircrafts  lon¬ 

gitudinal  datum  c^,,  and  an  average  pitch  value  9;  small  deviati¬ 
ons  from  the  latter  9-9.  would  introduce  a  negligible  correction 
/(cosfl  -  cos9)  cx  /(«'  -  9^)/2  <  /  with  /  =  /o./i./z-  The 
second  variable  parameter  is  the  air  density,  which  would  not  be 
c„hstaiit  in  a  long  dive,  involving  signiheant  altitude  change,  Since 
ill  the  following  integration  we  treak  the  parameters  (9a,b,c)  as 
constant,  our  model  applie.s  to  the  followings  parctical  situation, 
corresponding  to  test  flights  detailed  later  (§4).  A  low-speed  air¬ 
craft  (V  <  2001c(,M  <  0.3),  performing  a  not  very  long  dive 
(aJtidiide  loss  liz  ~  700m)  along  a  constant  glide  slope.  Another 
application,  to  which  the  present  model  would  not  apply,  is  the 
case  of  a  modern  high-speed  airliner,  with  cruise  speed  optimized 
hy  supercritical  airfoil  design,  starting  a  long  dive  from  an  altitude 
around  the  tropopause;  in  such  a  case  wave  drag  would  be  import¬ 
ant,  and  furthermore,  density  change  with  alc.tude  could  not  be 
iiPKlocted. 

Our  mathematical  model  of  longitudinal  stability  is  specified  by 


equation  (7),  which  may  be  written; 

g-'dU/dt  =  -b[U^  -  Ui){U^  -  Ul)fU\  (10  ) 

where  l.\t  denote  the  two  steady  dive  speeds; 

Ui  =  {a  i  s/ -  Abd}/2b,  (11  1 

for  which  the  total  force  along  the  flight  path  h'{Vi)  =  0  is  zero, 
and  hence  there  is  no  longitudinal  acceleration  dV/dt  =  0  for 


(I  -  11+  or  I'  -  (/-.  The  existence  of  two  steady  dive  speeds 
can  be  inferred  from  Figure  2,  where  we  plot  versus  groundspeed 
I/,  the  drag  to-weight  ratio  D/W  (thick  line)  and  the  thrust-to- 
weight  ratio  T/W  shifted  by  T  =  T  cos  t  -  W  sin  7  (two  thin  lines). 
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I'hc’  intersection  of  the  lines  specifies  the  two  steady  dive  speed 
(ij.,  for  which  the  inertia  force  vanishes.  The  steady  dive  speeds 
would  coincide  if  the  thrust  was  the  minimum  for  steady  flight, 
i.e.  at  the  minimum  drag  speed; 

=  ii/26  =  [fjCos(  -  sin-)  -  A  cosy )//,  cos  t  +  ('ijfpS/iW): 

(f2) 

steady  flight  is  possible  only  above  this  velocity  f'  >  i.e.  if 
the  condition  rt"  >  44d  in  (11)  is  satisfied  by  (9a,b,c),  .so  that  the 
minimum  thrust  for  steady  dive  is  given  by: 

( fn  cos  f  -  sin  7  -  A  cos  y  )^  > 

>  .l(/i  cost  -f-  C'QjpSI2W){f 2  cost  -r  i  cos^  72ff7pi').  (’.3  ) 

I’he  simplest  particular  case  of  (12.13)  is  level  flight  y  =  0,  of 
an  aircraft  witli  symmetrical  lift-drag  polar  A  =  U,  with  constant 
thrust  /]  =  0  =  /r  along  the  flight  path  r  =  0.  for  which  we 
olnaiii  well-known  results  ^'’“^^for  the  minimum  drag  speed  r„,j  = 
■21t’/.,/f 'fj/p-V  =  'iTfCojpS  and  minimum  thrust  for  steady  flight 

/  /"■  =  L  >  Co;/k  = 

Koi  any  groundspeed  distinct  fror’-'.  the  steady  dive  speeds  I’  i  //+. 
there  is  an  acceleration  dU /dl  ^  0  along  the  (light  path,  whose 
sign  ran  be  deduced  either  from  equation  (10)  or  figure  '2,  viz.;  (i) 
between  the  steady  dive  speeds  V-  <  V  <  ('+  there  is  an  excess 
of  thrust  (the  {TiW)cos(  -b  sin  y  lies  above  D/W  in  Figure  2). 
and  thus  acceleration  dU/dt  >  0  in  (10);  (li)  otherwi.se  U  > 
or  C  <  there  is  an  excess  of  drag  (the  thick  line  lies  above 
the  tliiii  lines  in  Figure  2)  .  and  thus  deccelcration  dl'/dt  <  0  in 
■  JOf.  it  foil OW.S  that:  ( a)  the  upper  steady  dive  speed  U+  is  stable., 
because  acceleration  in  ‘ts  vicinity  points  towards  it:  (b)  the  lower 
steady  dive  speed  t'_  is  unstable,  because  the  acceleration  in  its 
vicinity  points  away  from  it.  The  evolution  of  the  groundspeed 
as  a  function  of  time  U{l)  is  specified  by  integrating  (10)  from  an 
initial  velocity  =  6'(0)  at  lime  (  =  0,  leading  to: 


e-'/'  =  {[U{t]-lU)(V  +  lU)f 

/{('  -  V^){U  -  t/(l))}'/'‘“'''-^''*'  X 

k{{U  -U-](V(t)+V-)l 

-  6'_K(/  +  (19  j 

wficr#'  r  is  an  aerodynamir  time  st  ait’,  df^tormined  by  the  ch  irac* 
t<*risliis  of  the  aircraft; 

1/r  =  +  U-  ).  {20  ) 

It  IS  clear  that  a.s  the  elapsed  time  siKnifu-antly  exernhs  the  aero¬ 
dynamic  time  scale  t  >  r  then  -*  0,  and  the  grotmdspeed 

either  ajiproaches  the  upper  steady  dive  speed  /"(^  »  r )  —  (/+ ,  or 
it  diverges  from  the  lower  steady  dive  speed,  i.e.  (■(!  >  r)  —  V- 
becornes  large.  This  confirms  that  the  former  f'+  is  stable  and  the 
latter  r.  unstable. 

l  or  short  lime  compared  to  the  aerodynamic  time  scale  t  <  r. 
such  that  the  ground.s|>eed  has  not  deviated  much  from  the  initial 
value; 

{U(l<T)~VaV  <(V±-U„)\  (21) 

the  equation  ( 19)  may  be  linearized  with  respect  to  groundspeed; 

1)(1  -vUvl) 

(f/+  +e.)/2)(l  -c  '/'),  (22) 

N'cidiiie,  to  all  ‘•xp'iiifiit.ia.l  <l.'p*  ndenre  r)n  time,  with  lime  scale  r 


.  For  /  =  0  it  follows  from  (22)  that  L^(0)  =  but  for  T  >  r 
we  do  not  have  U{t  r)  =  6+  because  (22)  is  not  valid  for  long 
limes.  For  long  limes  we  have  to  use  the  non-linear  relalioii(  19). 
which  expresses  time  /((/)  as  function  of  groundspeed,  and  cannot 
be  readily  inverted  for  V{1).  Thus  we  plot  the  stability  curves  in 
Figure  3,  in  dimensionless  form,  with  time  divided  by  aerodynamic, 
time  scale  tfr  a.s  ab.scissa  and  groundspeed  divided  by  minimum 
tlrag  speed  J[t)  —  U ordinate.  We  have  one  curve  for  each 
initial  velocity  =  CfojCfmU-  The  two  steady  dive  speeds  l.\  ( li ) 
arc  related  to  the  minimum  drag  speed  b\nd  (12)  by: 

Ll'i  +  ui  =  a/b  =  2UIj,  Jl  +  Jl=  2,  (23a, b) 

SO  that  of  the  two  parameters  =  (j±fi‘md  only  one  is  indepen¬ 
dent. 

Thus,  if  we  choose  an  aircraft  for  which  the  stable  steady  dive 
speed  is  1.2  limes  the  minimum  drag  speed  J+  =  +  =  1-2. 

it  follows  that  the  unstable  steady  dive  speed  is  y_  =  = 

0.7-48  times  the  minimum  drag  speed,  This  is  the  case  illustrated 
in  Figure  3,  where  we  see  that;  (i)  for  initial  groundspeed  below 
the  unstable  dive  spet^d  <  J ^  —  0.74S.  the  drag  is  too  nigh, 
and  .xpoed  drops  rapidly  towards  a  stall;  (ii)  for  initial  groundspeed 
h<*tweon  the  un.slable  and  .stable  steady  dive  speeds  0.748  =  J-  < 

=  1.2,  there  is  excess  thrust,  and  the  aircraft  accelerates 
gradually  to  the  upper,  stable  dive  speed  :  (iii)  if  -A,  >  =  1.2. 

there  is  excess  drag,  and  the  aircraft  decelerates  gradually  to  the 
stable  upper  steady  dive  speed. 

§  3  -  RESPONSE  TO  ATMOSPHERIC  WIND  DI¬ 
STURBANCES 

In  the  preceding  account  (^2)  we  have  assumed  High!  in  still  air. 
but  the  stability  theory  could  be  extended  lo  include  the  effect 
of  atmospheric  disturbance.s  of  wliich  ihe  windshear  has  re¬ 
ceived  greatohi  ailentit>n.  rho  atino.^plieric  wind  conditions  can 
be  measured  using  meierological  methods  Doppler  radars 

iiirborne  lasers  or  comiiarison  of  INS  with  non-inertiaJ 
velocity  measurements  .  A  wimlsliear  (Figure  -1)  is  a  toroi- 
<la|  vortex  near  the  groundspeed,  causing  a  downliow  through  its 
core,  which  is  deflected  by  the  groundspeed  into  a  radial  outflow, 
riie  etfects  of  the  downflow  .  ombined  with  headwind  changes  on 
flight  are  of  particular  concern  during  approach  lo  land 

.IT-.1U  safely  a^spec-t  '*’  is  related  lo  aircraft  response  and 

control  in  such  conditions  ’  A  which,  as  the  anaiyslj>  of  specitii 
events  shows,  can  be  quite  hazardous,  ,Since  there  ate  many 

jiossible  combinations  of  aircraft  cliaracterisUcs  and  windshear  lo¬ 
cations  relative  lo  the  fliglit  path,  the  flight  simulalors.  though 
ii.seful,  can  hardly  train  the  pilot  for  all  possible  events.  We  ex¬ 
tend  the  preceding  non  linear  longitudinal  stability  problem,  to 
the  case  of  flight  path  directly  through  a  windshear. oj  any  other 
condition  with  wind  in  a  vertical  plane  through  the  constant  glide 
slope  of  the  aircraft;  this  is  equivalent  to  determining  the  air  or 
groundspeed  (or  angle-of-allac.k  or  pitch)  as  a  function  of  time,  so 
that  the  aircraft  keeps  on  a  constant  glide  slope,  compensating  for 
the  phiigoid  mode  induced  by  the  wind 

In  the  presence  of  wind  we  should  distinguish  between  the  groundspeed 
and  true  air  speed,  e.g.  fur  the  non-linear  longitudinal  stability 
model  (8),  the  total  force  depends  on  the  true  air  speed  V',  and 
the  acceleration  in  an  inertial  frame  ’s  the  time  <lerivaiive  of  the 
grou  iidspeed; 

+  v)/dt  =  /--(V');  (24  ) 

we  denote  the  groundspeed  in  the  presence  of  wind  by  f/  +  v,  to 
distinguish  from  the  groundspeed  IJ  in  the  absence  of  wind  (8), 
i.e.  i>  is  the  perturbation  in  groundspeed  due  to  the  wind; 
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g-'dv/dt  =  F(V)  -  F{[i).  (25  ) 

Wo  allow  ( Figure  1  )  for  tiie  presciife  of  an  hori«)nlal  u  and  vertical 
u'  wind,  which  are  givou  functions  of  distance  j-  along  the  flight 
p<ith,  and  hence,  idieriiatively.  a  functk)n  ol  time,  (it^aring  in  inind 
ihal  ih('  angle  oi  the  flight  path  wiili  the  hori/.ontaJ  is  the  glide 
slope,  the  true  air  speed  V  is  related  to  groundspeed  U  +  v  and 
wind  coinponenrs  a,  lu.  by; 


^  ^  i.'  +  u  cosy  -  insiii  ■>)^  +  [usin  ■>  +  cos'y)'^.  (26  ) 

VVe  know  the  groundspeed  U  in  the  absence  of  wind  from  the 
previous  (^2)  solution  of  (8),  and  calculate  the  airspeed  by  (26), 
and  then  integration  of  (25)  gives  us  the  groundspeed  perlurhalion 
c.  or  groundspeed  in  the  pre.sence  of  wind  I’  -f-  r. 

For  arbitrary  ^troug  winds  l25)  is  a  noii-linear  differential  equation 
wiili  variable  coefficients,  namely,  the  groundspeed  in  the  absence 
of  wind  I  and  tfie  wind  corriponenl.s  u,  since  t)»e  laller  are  most 
conveniently  given  as  tunclions  (d'  position  u(i).a'(-r),  've  replace 
tinu’  b>  space  derivatives: 

dv/dt  -  {do/dx]dx/dt  ■-  (C  +  v}dvldi,  (27  ) 

in  r25),  whicii  specifies,  in  general,  a  non-linear  wind  perturbation 
of  a  non-linear  background  .state: 

y-'ir  -  f}<tv;dj  =  FiV)  -  F(C)-  (28  ) 

'hiis  (ilH)  will  u[)ply  cvi.mi  il  the  wind  cuiiiiioiu'iils  «,  ir  wvro  compa- 
rublc-  to  the  ^roinulspwd  T.  d'lie  latter  can  be  wrilteii  a>  function 
of  position,  if  wo  le  n  nle  tJie  irivnn  .slate  eqiiuUun  ( 10)  a.s; 

(i’la)dl/dx  =  -b(U‘  -  Vi)(V'^  -  Vl)/Li'\  (29  ) 

and  iiiicKrate  il  from  an  initial  groiindspeeii  c  {'«!',  at  position 
X  -  0,  vi/.: 

exp(-26#x)  =  {V[x)‘  -  X 

(30) 

111  conclusion,  for  the  general  problem:  (i)  the  groundspeed  for 
tbe  non  linear  mean  state  is  given  as  a  fniiclion  along  flight  path 
j-  by  (.iOi  (ur  a.s  a  function  of  time  t  bv  (19,20));  (ii)  the  hori- 
.loiital  uix)  and  vertical  w{i)  wind  components,  which  could  be 
I  omp.it.ible  to  the  grondspeed  for  non-linear  wind  perturbations, 
lead  1 26)  til  the  airspeed  V;  (iii )  the  difference  of  the  respective  to¬ 
la!  lories  ((St'Ja.b.i )  then  leads  to  a  non-linear  differential  equation 
(2f<)  with  variable  coefficients,  for  the  perturbation  in  ground.speed 
u;  in  general,  this  will  have  to  be  integrated  numeriealy.  given  the 
complex  dependence  of  the  total  force  (8)  on  v  through  (26). 

We  ran  inse  analytical  integration  in  the  ra,se,  which  is  almost 
always  true  in  real  Hight  conditions,  of  wind  speed  small  relative 
to  groundspeed  uC  <  U'‘;  for  example,  if  the  windspeed  does 
not  exceed  u.t/i  <  20m/s,  and  the  groundspeed  exceeds  U  >  60 
ni/s.  we  have  (n/f/)'  (ir/Vf  <C  0.3  0,09  «  1.  It  will  be  shown 

subsequently  that  the  perturbation  in  groundspeed  is  of  the  same 
order  of  magnitude  as  the  wind  u  ~  n.  in.  so  tiiat  the  linearization 
with  regaril  to  I  lie  wind  is  consistent  with  the  linearization  with 
regard  to  the  perturbation  in  groundspeed  «  (/’,  Thus  the 
problem  of  most  practical  interest  is  of  a  linear  wind  perturbation, 
with  variable  coefficient.s,  from  a  non-linear  mean  state,  which  may 
be  varying  on  comparable  lime  or  lenghthscales.  We  apply  the 
linearization  first  to  the  airspeed  (26),  by  noting  that  since  the 


gUde  slope  ->  is  small  y*'  <  1,  we  have  cos-;.  =  1  -  >-/2  ~  1 
and  since  tijU.wlU  are  also  small,  we  can  neglect  (u,a)sin7  ~ 
(  “,  ic)7  <C  f-',  so  that: 

V  ‘  =  If  -t-  e  +  u)-'  +  ir-  -,=  f;'  -y  2(  ii  -y  i-)V .  (31a) 

i;ilbi 

where  we  iiavc  used  <  f  'T  The  cqu.itioii  j  2.S )  for  the 

wind  perturbation  may  al.so  be  linearized: 

\Vi'g)dv/dx  =  F{1'  +  u  ^  e)  -  '■’()')  =  (u  +  ,■  }[il  F/dl’  i.  i32  ) 

so  that  all  effects  of  the  iion-linear  mean  state  appear  in  the  coef¬ 
ficient: 

/([.')  =  (gIVn  'f'IdlJ)  =  2y(d/L-^  -  hi.  (33  ) 

where  (8)  was  used,  and  the  coeiricients  b.d  are  given  by  (9b.c  i. 
Tbe  groundspeed  perturbation  (32)  satisfies; 

dv/dx  -  f(V[x))v  =  /( f I'l  J ')ii|  J' )•  (3-1  ) 

wliich  may  be  integrated  for  any  given  mean  stale  V(x).  o.g.  (30) 
and  wind  u(x),  viz.; 

r 

c(x)  =  e,,y(x)  -t-  y(x)  j {a(0/(C)/y(C)}<^s''  (3-5a) 

0 

whore 

Y{x}  =  oxpij  fiOdO-  (35b) 

Q 

lu  conclusion,  we  start  from  the  non-linear  mean  state  (30)  in 
the  absence  of  wind,  and  calculate  the  force  influence  factor  (33). 
which  appears  jn  (35b);  this  together  with  the  horizontal  wind 
u(j-),  specifies  the  linear  groundspeed  perturbation  (35a),  Note 
that  the  linearization  procedure  has  implied  (27a)  that  we  may 
take  the  horizontal  wind  along  the  glide  slope,  and  the  vertical 
wind  across  it;  also,  the  vertical  wind  w  does  not  affect  the  airspeed 
(27b),  although  it  introduces  a  small,  but  non-negligible  change 
w/V  in  the  angle  of  attack.  A  further  simplification  occurs  if 
the  non-linear  mean  state  varies  on  lenglhstale.s  much  longer  than 
tlu)se  (  of  wind,  i.e.  dV jdx  <c  F/f;  in  this  case  we  can  calculate 
(37)  for  a  constant  background  velocity  =  /((  ’,.),  so  that  (35a, b) 
lead  to  a  groundspeed  perturbation: 

r 

l.■(x)  =  -f  j  (36  ) 

0 

due  to  a  wind  u((,'). 

As  an  example,  we  consider  a  typical  windshear  profile  (Figure  5). 
with  a  headwind  followed  by  a  tailwind,  on  a  lengthscale  (. 

u(3:)  -  Afv sin(27r j/^),  (37  ) 

with  maximum  magnitude  such  that  (u/t^o)  <  4^  <  1. 

Substituting  (37)  into  (35)  and  assuming  that  then  no  initial 
groundspeed  perturbation  =  0,  we  conclude  that  luo  wind  (34) 
induces  a  groundspeed  perturbation: 
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F  =  -  (  ■!/(  1  +  “  <'os{2rrx/f ))  -  siti(27rx/<)}, 

(38a) 

wlu'ri'  the  chtirai 'eristics  of  the  aircraft  appear  only  through  the 
parHin(M(‘r; 

~  ‘2w/fJ  =  ~  b)}.  (3Sb) 

The  lUM'turbiUioii  of  airspeocl  (27b)  is  given  by: 

Q  =  V{s)/lU-  1  =  {u(j)+  = 

■-  (.-l/l  +  -  cos(27rj-/Y))  +  (38c) 

J  he  g!«niiu!>pee(l  and  airspeed  pert\irbalions  vanish  both  at  the 
of  the  heaJwnui  (i(0)  =  0  =  i’(0)  and  al  the  end  of  the 
l.ul\Mn«l  u(r)  -  0  -  (’(f  ).  and  they  coincide,  but  are  non-zero,  at 
(he  change  froni  [lead  to  tailvvind  (i{i/2)  =  (),t’(^72)  -  2/1/i/(l  -f- 
!’{ie  j;..;turbati()ii  of  the  gronndspeed  aas  a  uuiximnm: 

r.,  Cl  f  f  ■2"' '  nrreo/ ^0  -  •■M'c-Ui  +  M^)/t  1  -h  p^).  (39a) 

Vrinneas  the  port uihalion  of  the  airspeed  has  tnaximaand  minijna: 

r  (  tl  -  e)j'-^'2±(//2)arr-J<iii..  - 

■t-p'-'i /(')/( i  +//•)'-  (31'b) 

l'oiI.  depf'ndent  on  the  aircraft  par.iniet(-r. 

V\'«’  ploi  ill  Kignre  (>  the  groundspeed  'top)  and  .iirhiM-<*d  {bi)lton:) 
p'-r! nrliation ,  nortiirilized  to  the  groindsyeed.  vei>us  .V  ir'f 
'‘.•'i.iftf '*  w  divided  by  windscale  L  We  ifjve  enrv- ->  fni  live  value^ 
t '1  tic  iiii  Cl  -d't  p.irniiieter  p  t  t .  2.  1.  7,  !l)  whose  mining  we  discuss 
next  1  his  parameiei-  is  given  by  t3>!b  j.  where  for  llighi  at  (onstant 
ftii'i't  /i  -  (I  -•  /^.  i9i). r|  reduce  t>  the  seiond  here 

Id;-  :.>f»Tfie'e  (•oiuliri('"s  U' cc/s  s  -  I,  ■-  *  .  w'*  have 

'<;U  '  (’/  f;  h 

p  -V  1  r  '  '^^yMos  -V )/{("/  tjA'  ~  ( 'i)f  ft  (-10  ) 

iij  -he^  at  the  rruniiiiiim  (irag  sp  ''d.  aiui  changes  of  sign  across 
’  We  (oiisider  as  reference  condit  on  an  approacli  to  land  at 
I  ..  “  30  -  bOm/s,  with  the  V  or  speed  corresponding  to  a  tight 
ger:eral  aviation  aircraft  n-tui  the  higher  v  Ut.e  t  a  heavy  jet  airliner 
o:  1  di  performance  fighter;  a  glble  slope  for  convention, 

oi  “■  ^  {/  for  S  j  tt!..  has  littU*  efb'ct  on  tin  arreleratio  of  gravity 
jKiiycfed  along  l.lie  flight  path  (j  -  f7<-os>.  wl-jcli  retains  the  va¬ 
lue  fi  -  9K  fti/s.  Thus  r.  a  wdid  i.  ngthscale  -  1000  -  2000ni, 
the  f.i'ior  M'  f'lrv.Mi  !. rackets  m  {■!();  is  O.I-l  -  '  64, 

I’or  an  airt  rafr  in  the  landing  configuration.  ll;»-  induced  ding  is 
ni’i'li  lart’er  than  (he  bunndaiy  layer  <lrag  >  <’di.  so  fdial 

the  teini  in  curly  bratkels  re.i  es  l(j  k('i(),  tlie  lift  coelficienl  is 
about  unity  at  landing  (  jt)  ~  1  2,  and  the  induced  tlrag  factor 

is  giver.  by  k  (1  where  A  stheaspett  ratio  and 

measii r»’s  I  l.e  deviatii)ii  from  elliptic  loading  or  uniform  flownw<ush. 
Taking  d  -  '<25.  we  have  k  =  O.dO/A.  and  for  an  respect  ration 
A  -  '}  H  ranging  from  a  high-pei fornianre  fighter  to  a  subsonir 
transpoit.  it  follows  that  (’u)k  -  0.1  --  0.2.  I  bus  the  jurcriifl 
[laratm-for  is  low'esl  a  lighlpiane  --  ().l‘}/().2  ~  I,  interme¬ 

diate  ;  )i  a  heavy  Jet  tr. disport  fi  ~  1., 64/0. 2  and  highest  for 
a  fighter  p  -  1,64/0.1  16.  We  see  from  l-'igure  6  that  as  p  in 

creases,  ifu-  gronndspeed  perturbation  is  smaller  and  the  airspcnul 
perturbation  l)ecotne.s  similar  to  the  longiludin^U  wind;  for  small 
/i,  the  ghde  slope  will  be  fM.ii n tm fo'd .  if  ijje  gronndspeed  increa.se.s 
Ml  the  t.tilw'ind  |)liase.  sn  that  th*'  airspeed  iiicfeases  signifoaiitly 
Ml  '111'  fi f ’,nl V. ' (I d  phas<\  biji  dor's  not  fall  much  below  the  initial 

■-■I  !  |<  d  u  [  !■  i*.  (  lie  (.oiwi  ;id  pf|.i>e 


§1  -  COMPARISON  WITH  FLIGHT  TEST  RESULTS 

The  predictions  of  the  non-Iinear  theory  of  longitudinaJ  stability 
(§2),  can  be  checked  by  performing  flight  tests.  One  can  lake  as  the 
reference,  for  the  theory,  figure  3,  showing  how  tlie  groundspeed 
U  (normalized  to  the  minimum  drag  speed)  evolves  with  limo.  for 
dilferent  values  of  the  initial  gronndspeed  i\.  For  the  purpose  of 
flight  testing,  the  region  I',,  <  r_  below  the  UiM'able  steady  dive 
speed  /•'_  is  unsafe,  due  to  rapid  divergence  toward.^  the  stall.  The 
region  above  the  stable  steady  dive  ^.peeil  f'7-  verv 

interesting,  since  an  aircraft  would  seldom  be  ^'.ing  horizontally 
al  a  speed  liigher  than  is  sought  al  the  end  of  m  ..ivo.  Thus  the 
region  of  greater  interest  is  that  between  the  steady  dive  spet^ds 
f/+  >  (j'a  >  (f-,  which  is  represented  in  Figure  9,  in  terms  of 
J  =  UfUmd  greundspeed  U  normalized  to  minimum  drag  speed 
f  'md-  >everal  initial  iiorniajized  velocities  Jj  ~  V±li'^d  should  be 
tried  an  flight,  for  cumpan»on  with  the  curves  in  Figure  9.  In 
order  for  the  compciisoi.  with  flight  test  duta  to  lie  xigniiicant . 
we  should  cfiei  k  com],  '  •« -e  with  the  main  lUmpfions  uf  ti.e 
tln'orv.  namely;  (i)  that  the  effe.  s  of  the  short  peiiod  mode  lan 
he  neglected;  (ii)  tluu  '  bore  is  no  coil  [dint  of  loiitit  miinal  to  lateral 
inotiun:  (iii)  that  the  attnosplieric  witui  do  tiot  ('aii«,e  signitica”' 
deviations  froi”  >iill  air  results. 

Ill  oivier  \o  comply  with  those  oiulilion^.  tfu*  piliU  wa.v  .cted 
lo  '■tart  the  dive  troiii  stea<iy.  .A'  ghl  and  lev*!  liight,  and  tiien 
to  keep  as  closely  as  possible  ;>  cuio'aju  glide  sloju'.  Using  ITS  for 
g.nie  >lope  indication,  if  it  coulu  be  received  in  tim  aUitude  range 
of  the  le^t;  horizontal  flight  wa>  recovered  otily  after  the  dive  spvvd 
has  stahi/i/ed,  to  make  sure  the  .steady  dive  .ipeed  was  attained. 
We  ran  use  the  liiglit  data  records  to  ilu-ck  whether  tlieso  objec¬ 
tive-  wore  met,  e.^r.  we  in  Idgure  7  the  following  data  for 

c  light  I :  { lop  lelt '  the  alt  iiuil*'  r  j)h  t  shows  t  ‘mt  an  apiuoxiinal'  ly 
(oii'iant  gliih*  slope  was  maintained,  bet  .veer.  e:.ir>  inlo,  .iiul  rei  o 
very  loiin.  the  dive;  n«*p  Mglit ;  tin'  'as  whii  li  apait  from  wied 
effects,  slioe  4  loincide  W’th  gnuHHUjiee'i  f.  increaseii  ste.ulilv. 
but  non  line. Illy,  wi’b  time,  between  c.mii.ii.t  \alue>  befo'e  and 
a'  ef.  ;  l>«)! io.’.<  left »  the  inainl eija /!(  e  oj  an  apj)Mv\i;jia;e  coiislatil 
lide  sh  pe  at  Mpidiy  varyi.  g  (a.s.  e.  significa.nl  excnrsiuas  ot 

-ingle  (if  .0  t.u  k  o .  obt;uned  lii rough  pod;  c.uii  n >1:  (bottom  right  '• 
l  Ins  ( (tilt  rof  ,.v  1 1  vi  t.y  is  test  died  (,v  the  Vi-i  t  ic.il  a'  i  efer.it  ion.  which, 
as  exi>'',  leii .  was  most Iv  negative  uuriug  ent  i y.  and  po>ii  1  ve  d ni lug 
ex  t  irom  (tie  div(\  witli  .smallet  varialioii  in  between, 

I  he  theory  (V2)  i''  uoti-linear  but  coiicerns  only  iongo adiiud  mo- 
tiiMi.  i.e,  no  lateral  coupling.  I'hus  the  |,iio'  w.i.s  iiisiructod  to  fly 
on  a  constant  glide  slope,  using  pitrii  contioi  .done,  and  was  .gi¬ 
ven  no  other  la.si.,  such  as  hmuiing  or  hualizei  catch,  whii  h  might 
induti  activity  iu  the  heading  or  roll  .ixis.  Since  is  import 
ant  to  check  tliis  a.<sump(ion  (iij  of  tne  iheorv.  tha!  the  lateral 
•  ohiiol  a<  ti\ily  is  minimal,  we  rejirodiice.  in  I  iguie  ad.dnitui.Ll 
data  lerords  lor  l-jglii  ].  sjiowing  tlia’;  itop  lein  'lie  tiaimverse 
at  celfi.ilion  (t^,  in  l!ie  r.tnge  U.t).3  y  to  v  O.Uloy  was  smali  compa¬ 
red  wtlli  the  normal  a< a ehuat ion.  in  ilie  range  - O.lhy  to  flb.')2y; 
(’op  (eft)  the  iongilmlina,!  arteleralion  Ur.  iaiig(‘  d  i7y  to 

O.Dlf/.  wa.s  not  so  small,  but  reflected  gronndspeed  changes  along 
th('  flight  path  -  df'/dx:  (renter  left)  tfie  heading  \  (hanged 
rather  little  by  1’  i’etween  312.9'  and  311.9'^'.  (leiUer  right)  the 
roll  angle  o  remained  small,  i.e.  between  el.6^'  and  0.6\  du 
ring  in(>.sl  of  tbt'  test  run  t  ^  I'J.s;  jbotlojn  left!  the  pitch  angle  0 
varied  significant  ly,  nelwiwn  -P6.,6''  and  -3,7",  demonstrating  the 
control  Jiciivily  rerjuireii  to  mi-un'iui!  a  (onstanl  glid*’  slope;  (bot¬ 
tom  rigfil  )  this  <  (>n(ro{  a<  livity  was  exen  ised  through  (he  t'lovatv)!, 
whose  deflection  angle  y  took  values  leuween  lb. 2"  and  -  21  2 
Ibe  only  inci'.cation  of  signi)i(  ant  boera.)  (ontrol  .u  tivity.  w.i?.  tlie 
roll  angle  ex.  ee,luig  d  >  I  ,.6'  foi  nine  I  ‘  l!).s  ((  .‘nter  right  of 
(iguie  9);  however.  b\  this  time  the  aiispeed  [las  .ilread\’  stabilized 
(top  I  ig))|  (i|  liguie  ,  I,  t  liat  this  d'  >es  mit  i  li.iiige  the  C(>n(  lusion 
that  assumption  (ijtoj  flu'  Iheorv  was  niel 

It  is  (l(‘ar  that  ji  jrossible  to  (  he.  k  .lutomatic.illv  compliance 
with  the  fhe»ii\.  .1.-  reg.irds  .•^.s^lt^lp' loii  'll),  b\  putting  bounds  (Ui 
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certain  parameters  (lateral  acceleration  Wj,,  heatling  x  change,  roll 
.ingle  ivfiiteleaelng  others  (longitudinal  acceleration  a^-.  pilch 
an.'ic  and  elevator  dellectiun  i,'  )  unrestricted.  We  proceed  to 
siiow  that  ii  is  .dso  possible  to  check  automaticiUly  coinpliaiice 
with  assumption  (i)  of  the  theory,  which  concerns  neglect  of  llie 
effects  of  tiie  sfiorl  period  mode.  The  fatter  would  appear  ;i.s  an 
oscillation  in  pitch,  and  althougfi  tliere  is  some  evidence  of  this 
(at  lioilom  left  of  Figure  8),  it  is  not  significant  compared  with 
•Ju'  overall  pitch  excursion.  Anotfior  way  to  asses.s  compliance 
with  a-'siiti;piion  (i).  is  to  note  that  it  is  associaleit  with  neglect 
of  the  rotational  inertia  of  the  aircraft;  the  latter  implies  that  the 
angU'  of  attack  o  (or  p  ich  angw  6  )  required  to  keep  a  constant 
glide  slope  cannot  be  achieved  instantaneously.  The  associated 
excursion^  of  the  aircraft  velocity  vector,  would  cause  deviations 
from  a  constant  glide  slope;  although  glide  slope  deviations  can 
!H'  seei\  (at  lv>p  left  of  Figure  7),  they  are  clearly  small  compared 
wit}’,  the  altitude  change.  Ihus  compliance  with  assumption  (i) 
can  also  bo  checked  automatically,  by  putting  bounds  on  short 
period  oscillations  of  the  pilch  angle  or  on  deviations  of  the 
glitle  sliijio  frcun  llu'  mean. 

1  f;e  mrasuiemeut  of  glide  slope  >  =  (h/il.r  as  a  funrlion  of  lime 
‘o  Ti.  .\[(o\v>  automatioii  of  another  significant  la.sk;  finding  where. 
Ml  the  K'fonied  signal,  is  the  time  .series  witit  the  phenomenon  of 
irleresl,  ( iiis  is  usuall;-  done  by  the  flight  test  engineer,  u.sing  hi.s 
knowledge  and  exjierienco  to  interpret  the  data.  We  have  already 
givtMi  one  example,  xlv .  the  larger  roll  angle  values  <i>  >  1.5"'  (in 
‘*Mi!er  ritflii  of  Figure  S\.  are  no  <‘oncern  to  laterai-condltional 
M  uplito.  f.eiauso  they  occur  outside  the  time  rangt?  of  intere.st 
I  -  t  <  ID.s  =:  t\  for  our  study  of  longitudinal  stability.  We 

could  (iei(*rmine  this  lime  range  by  measuring  the  glide 

^lope  '<{(]  a.''  a  function  of  lime,  and  averaging  it  over  the  tlala 
record  *.  I’ln*  siart  ol  the  dive  is  then  taken  its  the  lime  F,  a 
fraction  of  the  mean  slope  is  first  attained  >  F.)  > 
i  e.  1  he  aircraft  is  already  acceleraling  in  the  <live  condilioti;  the 
end  of  the  dive  ta)rr'-sj)omls  to  the  gli<ie  slope  be  coming  small 
agniii  ‘W  •>  (]}  <  l.e.  acceleration  is  small  and  as  close  to 
>t''a(lv  dive  'ijuunl.  I’he  value.‘i  chosem  for  1.  <letermine 

thi'  preci.vf  start  .nnl  end  f)f  the  test  run:  we  can  take  ‘'rea.sonable'’ 
f.-Mlial  value.,  r.g,  //,  --  O.i  =  tp  and  subject  them  to  adjustment 
o;  niijg  proce*.,'.,  a.v  for  tIk'  houiuls  used  to  check  for  compliance 
^‘,(tli  a,-';im()t;(U}.s  (i)  .iiid  I  ii)  cjf  the  *  lieory. 

In  oidei  t-i  be  .ible  to  coii'.pare  flight  test  data  with  the  mathe- 
iiuifi'  al  model,  it  is  luu  essary  to  use  the  same  .•icaling,  to  for  inde- 
p'-nd*  :it  i  !:[i;e  or  distance)  and  <lependent  (.‘•peed,  altitude,  ect.) 
v-ii,ab!‘  s  !:;  the  of  1  igure  3.  lie-  time  t  is  nonnali/ed  to  the 
aeo  id  V  tiami'  time  scale  r  wlii(h  l^  sp«Mihed  (20)  hv  the  ac<ele- 
rai'.oii  "1  gravity,  iteady  dive  •^peeds  an<l  |)a>amet»'r  hoi  the 
matlieiiuvf ii  it!  iiUKlel  'db);  fbe  bUi<T  tnvolve.s  lurther  data,  such  a.s 
file  hum  diag  ci  imit  ^'I'J  and  thrust  C!)et[i(  i<*nt  J\  and  wing 
hiadiiig  U/ V  ,  If  not  al!  lids  data  is  ktiown  ;icniral<’ly  ,  then  in 
stead  of  (  alrulaling  r  from  (20),  we  may  infer  it  from  the  flight  test 
ref  old'.  I'jje  mat  ia'ina* ica!  model  in  Figure  3  shows  that  the  di¬ 
men -.ion  less  lime  for  sf  abili/.ation  when  speed  is  close  to  the  steady 
value  i'l  !/r  H;  thus  w«'  ffuMisf'  a,s  time  scab*  t  -  m(f|  —  /„)/8, 
wfa  fe  /,  the  time  ,0  the  .start  and  t,  the  time  at  the  end  of 
fli'-  di’ce.  ;,{,«)  this  l.v  e/} M i va)‘*ii t  to  using  a  rlimenlionaless  time 
if  F  i/r  -  Hi f  f ,).  The  dependent  variable  is  also 

le  ..(.licfi  Ime.if  U,  -  e.  ueifiange  frfJHi  tfi4‘ groundspeed  I'  in  kt.  to 
I  he  diniensiufdess  vehw  ify  J  I  ! ^'m-i  tfonnali/ed  1<j  the  tninimum 
dr-ig  speed  fF,.,/.  vi/,: 

J  -  ./o  f  n[V  -  (\)-  (11  ) 

we  need  ru)t  know  the  aerodynamic  and  propuhsion  data  which 
goes  info  Uie  ininimuin  drag  spee<l  (12).  It  i.s  .sufficient  to  know 
t  hat  t  fie  ra.t,i<j  J.y  r-  (<\  from  the  stable  .steady  dive  .speed  , 

slii'e  tills  is  only  parameter  in  our  nf)fi  linear  Iongitud)n;iJ  stability 
moihl  iiieiasal  the  start  f^(  F, )  and  end  /'i  ■  F'(F)ofthe 

d  I  .  <■  '  !:'-ii  1 1 V  t  Ii<-  para  met  n  s; 


J.,  -  y+f/JfF,  n  =  -  ./o)/(f  j  -  /Ft.  (T2a,b) 

in  the  linear  relation  (11).  with  ifdtial  value  (T-./F)  itt  (  12^)  ‘it'd 
slope  n  between  [JoCo]  and  (./] ,  /  j  )  •=  (  /t  •  /  r  )  gi^'en  by  ( •I2b), 

We  can  now  calculate  any  number  of  experiiitental  points  from 
the  fight  data  records,  e.g.  every  2s,  and  mark  them  in  Figure  9, 
in  comparison  with  the  theoretical  stability  curves.  Fach  est  of 
points,  corresponds  to  one  flight,  starting  at  a  difTerenl  initial  nor¬ 
malized  velocity  =  iU/i'md-  exact  lit  of  the  measurement  lo 
the  theory  would  correspond  to  the  .successive  test  point.s,  for  the 
same  flight,  all  lying  on  the  iheoreticuil  curvn  passing  through  tlie 
initial  point  .Siidi  an  exact  fit  should  not  occur  due  to  measu¬ 
rement  errors,  and  the  theory  is  deemed  to  be  stratified  to.  witlbn 
experimental  accuracy  h,  if  the  deviation  between  the  theoretical 
curve  pa.ssing  through  J^,,  and  the  remaining  flight  ilata  point.s. 
never  exceed.**-  h.  'I'hi.s  caii  be  checked  by  applying  the  bar  shown 
in  Figure  0.  to  every  flight  data  point,  of  llie  (>  flights  conside¬ 
red;  alternatively  as  shown  for  Flight  F5.  two  line.s  ±h  apart  from 
the  iheoreiiCfd  curve  cart  be  drawn,  and  the  flight  data  poinl.s 
should  lie  between  them.  'I'he  accuracy  of  measurement  of  air¬ 
speed  depends  on  the  location  and  calibration  of  the  Pilot  tube; 
for  the  flight  test  aircraft  used  (see  §5)  the  error  d(K-s  not  e.xceed 
h\  \kl.  (l  should  be  borne  in  mind  that  the  Pik)t  tube  measu¬ 
res  airspooil  and  for  the  theory  wo  need  grorindspeed.  and  those 
coinciile  only  uiuier  the  assumption  (iii)  of  absence  of  wind.  The 
pres«‘n{c  of  a  longitudinal  wind  (^3)  of  amplitude  =  T.l, 

causes  deviation  between  ground  and  airspeed  which  is  given,  at 
most,  by  (39b)  o.g.  (2>(  -(-  -1-  =  328/289  =  1.11 

limes  the  wind,  for  a  light  transport  /i  ^  -I.  Thus  ih»*  strongest 
wind  hurml  8  ht  would  cause  a  9kt  error,  which  i.s  larger  than 
the  «a)il>ration  h]  =  U-F  It  i.>,  therefore  essential  lo  subtract  the 
wind  irotii  fb<*  air.spts’d.  lo  obtain  the  ground  speed.  I  he  wind 
spet*<)  ran  be  ol)iainetl  comparing  airspeed  with  the  inertial  refe¬ 
rence.  inifodticing  an  additional  error  -  \kt.  Tluis  the  total 
error  in  groundspeed  is  6  =  /zi  +  =  t>kl  or  a  maximum  5%. 

We  could  instea<}  take  ground.speed  directly  from  the  inertial  re- 
fiTence,  for  an  error  =  It/;  however,  the  groundspeod  in  the 
absence  and  {)resonce  of  wind  u,nax  =  dilfer  at  tnost  (39a)  by 
(/i  -t  \i'{  f  i  -f-  p'F  -  0  liC*/  leading  to  an  error 

hi  F  h.i  =  -5^9.  much  as  before  h  ~  r)kt.  The  flight  test  data  points 
are  all  within  ik(  of  the  theoretical  curves, 

li-b  -  THK  BASIC  AIRCRAFT  FOR  FLIGHT  RESE¬ 
ARCH  (BAFR) 

|j  .'Ma\  be  wortliwhile  at  ihi.s  stage  to  mention  ,*.01111*  tealures  of  the 
aircralt  used  for  the  preceding  test  lliglils.  This  is  CASA 

212  .‘\viocar  twin  turboprop,  filled  with  an  instrumentalion  sy- 
.stem  de.scribed  b<*low'  (§.5),  which  we  desigjiale  H.M-'R  (Ba^ic  Air 
craft  for  Flight  Hesearch),  and  is  the  flying  component  of  LN'FV 
(Xatioual  Might  lest  babcjratory ).  Most  .Aeronautical  research 
or  <leve|opmeuf  programrmes  start  with  the  letter  ''A"  hr  adviut- 
<ed  :  we  start  Uie  designation  of  our  ri'search  aircraft  with 
for  basic.  Our  more  modest  aspiration  are  justified  hv  the  fact 
llial  the  BAFR  was  devM’Ioped  using  (‘(luiptnent  offered  bv  foreign 
aeiMiiautical  resean  ii  institutions,  wliich  also  prtwidod  lochnicaJ 
liaiuing  and  supervision  of  programme.  The  design  of  the  (light 
li***!  instrumentation  svsiiMe.  and  its  installation,  involsing  7000 
tiiaii  hours  ol  work,  1000  pages  of  documentation  and  \  km  of 
cabling,  \ver<*  entirely  performed  in  IFntugai.  .Also  the  aircraft  is 
not  d<*dirated  fulltime  to  flight  testing,  and  must  be  converted 
in  one  day  to  the  operational  configuration.  All  these  constraints 
make  the  HAl'R  perhaps  worth  desc  ribing  as  a  concept  of  alTor- 
dable  flight  test  aircraft.  'The  ultimate  aim  of  a  flight  le.st  facility 
is  tf)  be  able  devvlop  instrumentation  packages  tailored  for  difle 
rent  applications  in  various  typos  of  mreraft.  For  example,  the 
U‘st  facility  has  df'veloped  inslrunientati«ni  packagt's  for  applica¬ 
tion  as  diverse  tesfjjjg  helicopter  hov**r  j)(*rform.ui( e  over  a  rough 
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sea  (typical  bad  weather  search  and  rescue  mission),  or  measu¬ 
ring  toads  on  a  wing  due  to  an  external  store  (typical  new  store  - 
existing  aircraft  integration  task  ).  (n  order  to  gain  this  flexible  ca¬ 
pability,  an  appropriate  first  stop  would  be  to  develop  a  relatively 
•coniprehensive’  Right  test  instrumentation  system  in  a  dedicated 
aircraft.  IJy  “comprehensive”  we  do  not  mean  a  larger  number 
of  identical  sensors,  but  rather  a  wide  variety  of  sensors,  say  for 
performance,  aerodynamics,  control,  propulsion,  structural,  navi¬ 
gation  and  systeims  data.  Such  a  “comprehensive”  system  gives  the 
breath  of  experience  in  types  of  sensors,  signals  and  equipment, 
upon  wliich  dedicated  of  “at  hoc”  applications  can  be  bsed.  This 
approach  rejects  the  attitude  of  starting  flight  testing  on  small 
package.s,  dependent  on  piecemeal  aquisition  of  further  equipment 
or  knowledge,  in  a  chicken  feed  situation.  It  aims  instead  at  the 
.smallest  self-consistent  “quantum  jump”,  by  independent,  flight 
tost  capability  is  dependent,  on  the  availability  of  wide  range  of 
instrumentation,  in  the  present  case  offered  by  NLR.  The  list  of 
parameters  selected  for  measurement  on  BAF'R  (figure  10)  inclu- 
de^  a  variety  of  sensors  and  signals,  besides  a  few  related  to  the 
aircraft  configuration  and  test  conduct.  The  air  data  sensors  for 
pressure,  temperature  and  angle-of-atiack  and  side-slip  should  be 
mounted  on  a  long  booin  (described  later)  if  they  are  to  achieve 
a  greater  accuracy  than  aircraft  instruments.  Linear  and  angular 
accelerations  aae  measured  by  a  platform  under  the  floor,  near  the 
c.g,,  which  givc.s  results  which  are  independent  from,  and  can  be 
compared  with,  lliose  of  the  Inertial  Navigation  System.  Other 
navigation  data,  is  extracted  from  the  Dopplelr  radar,  radio  al¬ 
timeter,  II. S,  etc....  witli  special  provisitions  to  avoid  corrupting 
the  original  signal.  'I'he  positions  of  all  control  and  lift  surfaces  are 
mea.sured,  a.s  well  as  es.seutial  propulsion  parameters;  strain  gauges 
on  (he  engine?  mountings  arc*  used  to  give  in-flight  mea.suremenl  of 
ilinist.  .Milioiigh  the  number  of  sensors  is  not  large  by  modern 
standard*;,  their  variety  is  such  as  to  represent  most  of  what  will 
he  needcul.  perhaps  in  larger  (pjantities,  in  other  applications. 

Th'’  aircraft  allocated  to  the  MAFR  is  not  dedicated  fulltime  to 
flight  te-!iiig;  in  fact  the  latter  acciipie.s  only  up  to  dO  flight  hours 
per  year,  and  the  aircraft  is  mostly  operated  in  aerial  photogra¬ 
phy.  (?arth  resources,  .scuircli  and  rescue,  and  otfier  iniscellanecnis 
d'lti*  '',  Tims  the  fliglii  tost  iiistrumenlaiion  .system  must  interfere 
a.^  lid!'*  possibh-  with  the  opc'ration^d  missions,  or  else  be  quic¬ 
kly  n'.'ninnble;  the  conversion  hetw’oen  ojieratiunal  and  flight  test 
n'lifiL'iiiatioii  slmnld  not  take  more  than  one  jlay.  'I'he  concepts  of 
M  hiiiige”  and  ’■f(on-ifitf‘rference'’  with  operations  tend  to  be 
rintHgonistic ;  fi)  [(Mviiig  most  equipment  permanenlly  in  the  air- 
c  iati  vwiijjd  provide  for  f/iiick  diange,  but  wouhl  ijit<*rfere  with  ope¬ 
rations;  [ji)  conversely,  removing  mo.st  ei|uipmenl  to  avoid  inter- 
iererice  wjih  op(*rations.  but  would  imply  tedious  re  installation. 

1  li<'  k«‘v  (o  a  compromise  snlution  lies  in  leaving  permanently  in- 
sialleil  in  the  aircraft  all  that  tioes  m>l  interfere'  with  the  opera- 
fl'ifia)  mission.  Also  avoiding  that  the  li.st  of  removable  includes 
0)0  inativ  sc'ii.sois  lecpiiring  calibration  after  re-in.st;ij|ation;  whal 
n**e(N  io  lie  removed  should  fie  packages  a.s  much  a.s  possible  in  a 
f[iii(  k  (  hange  configurat  ion. 

1  he  jMei  **(jing  considerations  .suggest  that  most  sensors  should  be 
left  permanently  installed  in  the  aircraft  to  avoid  lerighly  calibra¬ 
tions  after  c'ai  h  removal  or  re-installalion,  provided  they  can  by 
fi(te<l  in  such  a  way  as  Jiot  to  interfere  with  aircraft  operations. 
Such  an  insrallation  is  possible  for  many  sensors,  e.g.  gyros,  rate 
gyros  and  ,i(  celerometers  can  be  put  in  unobtrusive  locations,  and 
syncliros  mea.siiring  the  position  of  control  and  high-lift  surfaces 
have  ro  be  carefully  placed  to  ensure  non-interference  with  linka¬ 
ges,  and  breakability  in  case  of  jamming  as  well  as  accurate  data. 
Snnie  sensor.s  like  the  flight  data  boom  interfere  with  aircraft  ope¬ 
rations,  and  )mve  to  he  removable;  the  same  applies  to  the  drum  in 
tli<‘  i.»of  of  rli(‘  fuselage  from  with  is  unrealed  the  cable  to  the  trai¬ 
ling  cone,  depfijyed  from  its  tail  housing.  'Fhe  cabling  and  connec¬ 
tors,  whif  h  mvcjlve  jnany  man-hrmrs  on  installation  work,  should 
I"-  b‘fi  in  place,  and  additionally  require  a  minirntim  amount  of  re- 
new  ^.'fis.irs  [)e  Hd<le<|  'I'his  l.s  be.’it  done  (Figure  11) 


by  having  “regional”  connector  panels  for  sensors  in  each  section 
of  the  aircraft  (nose,  tail,  centre  fuselage,  right  and  left  wing),  and 
a  “central”  connector  panel  near  the  data  aquisition  system.  The 
later  system  wh'cL,  due  to  weight  and  volume,  must  be  removable, 
should  be  easy  to  connect  and  disconnect. 

The  Data  Aquisition  System  is  housed  in  a  single  rack,  which 
can  be  installed  and  removed  using  the  load  rails  in  the  cabin. 

It  contains  the  “central”  connector  panel,  to  which  are  connec¬ 
ted  the  “regional”  connector  panels,  e.g.  the  “nose”  connector 
panel  takes  signaJ.s  from  the  strain  bridge  mounted  on  the  con¬ 
trol  column  which  measures  pilot  slick  forces,  and  from  the  strain 
gauges  measuring  rudder  pedal  forces.  The  signal  from  “regional” 
connector  panels  e.g.,  the  under-deck  connector  panel  (UDCP)  in 
Figure  12  are  collected  at  the  main  rack  connector  panel  (MRCP), 
and  routed  to  the  appropriate  signal  conditioning  unit  (SCU)  or 
syiichro-to-digital  conversion  unit  (SDCU)  and  digital  conditio¬ 
ning  unit  (DCU);  the  signals  are  pulse  code  modulated  (PCM) 
prior  to  on-board  tape  recording  or  telemetry  transmission  to  the 
ground.  The  main  rack  also  includes  the  power  distribution  unit 
(PDl/).  The  choice  of  the  CASA  212  Aviocar  twin-turboprop  air¬ 
craft  as  the  basic  of  BAFR  was  dictated  by  several  considerations 
including:  (i)  relatively  low  operating  costs  per  flight  hour,  a  de¬ 
sirable  feature  for  a  basic  test  aircraft;  (ii)  large  cabin  volume, 
allowing  easy  installation  and  removal  of  the  main  rack,  and  work 
around  it;  (iii)  relative  insensivity  to  external  modifications,  the 
most  significant  of  which  is  the  re/novable  air  data  boom. 

'I'he  design  of  the  air  data  boom  (Figure  13)  is  a  good  example 
of  the  compromise  between  measurement  accuracy  and  structural 
ridigity,  and  the  constraints  on  location  and  removability.  The 
location  above  the  fuselage  was  decided  by  exclusion  of  other  pos¬ 
sibilities;  (i)  on  the  nose,  the  boom  support  structure  w'ould  inter¬ 
fere  with  the  weather  or  Doppler  radar  radiation  pattern;  (iii)  on 
the  fuselage  side,  interference  with  the  propeller  slipstream  would 
be  excessive;  (iv)  on  the  wing  outboard  of  the  propeller  disc,  misaJ- 
ligiiement  due  to  wing  bending  would  be  excessive.  The  air  data 
boom  over  the  fuselage  needs  to  bo  relatively  long  to  avoid  exces- 
.sive  aerodynamic  interference  from  the  nose;  a  long  boom  would 
have  its  resonances  oxcltod  by  atinos]>heric  turbulence,  needing  an 
inverte<l-V  .support  on  the  fuselage  nose. 

This  support  has  little  (-ITect  on  aircraft  aerodynamics  or  crew 
visibility  It  is  removed  together  with  the  boom,  using  three 
att.ichmeiii  points,  two  on  the  sides  of  the  nose  and  one  on  the 
\K*\t  »>f  the  fuselage.  The  air  boom  has  pressure  and  temperature 
•s^'nsor.s  and  wind  vane.s  for  angle  of  attack  and  sideslip. 

§()  -  CONCLUSIONS 

The  analysis  of  stability  of  an  aircraft  must  be  based  on  a 
iiiathoniatic  model  (§2).  Its  verification  by  flight  tost  (§4)  requires 
the  measurejuont  of  two  kinds  of  parameters:  (i)  those  w*hose  tem¬ 
poral  (or  spatial)  evolution  is  to  be  compared  with  prediction:  (ii) 
those  which  should  remain  within  certain  bounds,  to  ensure  that 
j'ffecls  omitted  in  the  theory  are  indeed  negligible.  Both  process 
can  be  readily  automated,  and.  of  course,  the  highest  achievable 
accuracy  is  important  for  (i);  this  depends  on  the  quality  of  the 
instrument, alion  (§5)  and  the  way  tests  are  conducted.  The  oc¬ 
curence  of  atmospheric  disturbances  during  the  tests,  may  effect 
the  accuracy,  unle.ss  these  effecUs  are  corrected  for,  which  requires 
further  modification  of  the  theory.  This  may  also  be  automated, 
leaving  one  more  task:  the  identification  of  where  the  event  of  in¬ 
terest  lies,  in  the  recorded  time  series.  We  have  given  a  particular, 
glide  .slope  criterion,  for  the  specific  case  of  Umgitudinal  stability 
In  a  dive.  In  general,  for  other  kinds  of  flight  teste.s.  the  automated 
location  of  an  “atmospheric  event”,  or  an  “aircraft  manouever”,  in 
a  data  record,  can  be  made  by  u.sing  a  disturbanco  intensity  indi¬ 
cator.  'I'his  is  the  topic  to  which  we  turn  our  attention  elsewhere 
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Figure  1  ■  Aircraft  flying  on  a  constant  glide  slope  7,  with  weight 
[V  vertically  downwards,  lift  L  perpendicular  to  flight  path,  drag 
D  opposite  to  motion  and  thrust  T  at  an  angle  r  to  it.  The  airspeed 
V  coincides  with  groundspeed  t/,  only  in  the  absence  of  horizontal 
fi  and  vertical  w  wind. 


0/W 


Figure  2  -  Plot  of  forces  F  versus  airspeed  V.  The  dimensionless 
forces  are  the  ratios  to  weight  W ,  of  drag  D,  thrust  T  and  thrust 
plus  weight  projected  rdong  flight  path  f.  In  the  absence  of  wind 
the  airspeed  V  coincides  with  groundspeed  f’,  and  we  indicate  the 
minimuii)  drag  speed  Urnd  corresponding  to  the  minimum  thrust 
T„,„  for  steady  dive.  Below  f  <  7'„.,n  steady  dive  is  not  possible, 
an<l  above  T  >  there  are  two  steady  dive  speeds  U±\  the 

lowei  r_  is  unstable,  in  the  sense  that  acceleration  is  away  from 
it,  and  the  upper  (>  is  stable,  in  the  sense  that  the  acceleration 
is  luward.s  it. 


Figure  3  -  Groundspeed  U  normalized  J  =  V jH-nd  to  minimum 
drag  speed  {/„,/,  plotted  versus  time  t  normalized  to  aerodynamic 
time  scale  r,  for  15  values  of  initial  groundspeed  at  time  I  = 
0.  The  stability  curves  are  given  for  an  aircraft  with  J+  =  1.2 
.stable  dive  speed  20%  above  minimum  drag  speed 
■since  the  non-linear  longitudin^  stability  model  has  only  one  free 
parameter,  the  unstable  steady  dive  speed  is  riot  independent,  viz 
f  Ji  -  2  implies  J.  =  0.75. 
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Figure  4  -  'I'iir  iiiupleiil  model  of  a  wiiidshear  is  a  toroidal  vortex, 
causing  a  downflow  lo  <  0  through  its  core,  which  becomes  a  radial 
outward  wind  near  the  ground;  a  section  through  the  axis  of  the 
torus,  shows  two  opposite  vortices,  a  downflow  u;  <  0  between, 
and  a  headwind  u  >  0  or  tailwind  u  <  0  below,  with  changeover 
at  mid  point. 


Figure  5  -  The  longitudinal  wind  model  due  to  a  windshcar  is 
a  plot  of  wind  normalized  to  groundspeed  versus  distance  nor¬ 
malized  to  lengthscale.  The  simplest  model  is  a  sinusoid,  with 
peak  headwind  equal  to  peak  tailwind,  equally  spaced  from  start 
of  headwind,  change  from  head-to-tailwind,  and  end  of  tailwind. 


Figure  0  -  The  perturbation  of  groundspeed  /*  and  airspeed  Q, 
normalized  to  mean  state  groundspeed,  are  plotted  versus  X  s  xft 
distance  /  divided  by  windscaje  for  five  values  of  the  aircraft 
parameter  fi  ranging  from  a  lightplane  I,  through  a  heavy  jet 
transport  ~  6,  to  a  high-performance  fighter  p  10. 
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Figure  10  -  The  list  of  parameters  measured  in  the  UAFR  is  not 
very  luirnerous,  but  iiiciudes  a  relatively  wide  variety  of  sensors 
and  signals. 
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notes; 

1  -  pitot  tube  and  static  port 

2  -  two  section  cilindricai  vane 

3  -  cilindricai  bod/ 

4  -  upper  emergency  exit 

5  -  temperature  sensor 

6  -  connector  panel 

7  ~  ma}n  support 

8  ~  supports 


Figure  1^  Another  removable  item  is  the  air  data  boom  above 
the  fuselage,  with  inverted  -  V  support  on  the  nose,  containing 
pressure  and  temperature  sensors  and  vanes  for  angle-of  attack 
and  sideslip. 
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Discussion 

SESSION  I  -  QUESTIONS  &  ANSWERS  (PAPERS  1,  2,  6) 


PAPKR  1:  P.  HKURRK 

Qucslioii: 

^'ou  said  lhal: 

It  a  llow.'  is  convoclivc  uiislalilc.  we  use  real  LI. 
complex  k. 

Reverse  for  absolutely  unstable. 

W'hat  about  a  conveclively  unstable  How  with  absolutely 
unstable  pockets? 

Answer: 

Then  we  have  to  use  a  and  k  complex.  This  is  at  Ihe  root 
of  the  jtlobal  mode  idea  which  is  detailed  in  Chance. 
Heurre  it  Redekopp  (1990).  Studies  in  .Applied 
Mathematics 

PAPKR  2;  J  STARK 

Oueslion: 

Most  of  your  results,  e.g..  the  existence  of  the 
leconslruction  Function  fi.  apply  to  a  'typicaf  system. 
VMiat  IS  a  'lypicaT  system  ’  How  do  you  derme  if’  How  do 
you  know  lhal  a  system  is  ■lypicar.’ 

.Answer: 

A  tCjiical  system'  in  this  coiilext  is  one  which  s.itislies  llie 
r.ikens  [iiiitx-ddiiig  Theorem.  I'nioiluiialely  iheie  is  no 
known  set  ot  sulficienl  conditions  which  wall  ensure  that  a 
|Mi  liciil.n  sy  stem  f.ills  in  this  class.  In  pi  aclic.il  applications 
one  liuis  li.is  to  pioceeil  heui  isiic.dly .  trying  Ihe  lechnic|ues 
vk's^iilxd  in  the  papei  .uul  evaluating  how  well  they 
P'.a  loiiii. 

II  IS  nnpoit.ini.  however.  lo  suess  tli.it  systems  which  aie 
not  tcpK.if  .lie  veiy  laie.  In  ji.iilictila!  (see  Releicnce  G.' 

III  the  p.i|'CM  it  one  |ncks  .1  system  at  laiidoni  the 
piobab,  ly  lli.ii  It  lads  to  s.ilisly  die  Takeils  Theoiem  is 
/CIO  l  uidieim' le.  aibiiiaiy  on. ill  pei lui halioiis  of  any 

slem  w.i)  s.iiislv  Ihe  Theoiem. 

(Inc  would  thus  lx-  vei\  suipiiscd  it  .1  given  system  tailed 
lo  lx-  i\ I'lcaf .  Vk  .len  this  o  c  111  s  it  is  usu.illy  due  to  special 
te.ili  :es  o|  die  system  such  as  .ymmeliies  01  degeneiaeies. 
Ill  Midi  s.isc-  .UK  may  otien  lx-  .ible  'o  take  .iccounl  ol 
■  iiv  h  k  iiiiics  ,ind  slid  obl.Mii  U'clul  algoiilhms. 


PAPKR  6:  LMUC  CAMPOS 

Question: 

What  exticlly  did  you  assume  the  pilot  has  control  over'’ 
(groundspeet  pilch) 

Answer: 

The  pilot  had  control  over  pilch,  and  used  it  to  keep  on  a 
constant  glide  slo(X'.  Velocity  (T.A.S  or  groundspeed)  was 
a  consequence  of  this. 

Question: 

You  assumed  that  you  stalled  bom  a  hori/onlal  bight  to  a 
dive.  You  are  in  a  transient  stage  when  you  enter  the 
microbursi.  do  you  assume  lhal  Ihe  speed  is  steady  or  that 
it  is  still  vaiying? 

.Answer: 

There  are  two  cases: 

-  if  the  length  scale  of  aircraft  stability  is  com[iaiable  to 
the  microbursi.  we  [x'lfomi  one  kind  of  iniegrai.on. 
taking  this  into  aecounl; 

-  the  iiilegratioii  is  simplified  if  the  aircraft  stales 
changes  on  much  longer  scales  than  Ihe  microbursis. 

Question: 

When  you  enter  a  microbursi.  you  disimgiiishcd  the  vertical 
and  hoii/oiil.il  component.  1  could  not  evaluate  which 
coiiiponenl  eives  niaxiiiium  effect  ( it  probably  varies  during 
the  crossing  of  the  microbuisll.  Is  it  acccfitable  lo  compute 
sep.ii.itely  the  elfeel  of  the  hori/onlal  and  Ihe  vertical 
compoiienis  ’ 

.Answer: 

The  two  ellecls  can  lx-  separated.  Ix’c.uise  Ihe  equations  cm 
be  liiiean/ed  with  regard  lo  the  wind  (if  wiiidspeed  <  1/^ 
airciafl  s]x'ed.  then  square  of  wnuispeed  is  negligible 
compaied  to  s»juaie  ol  .iiiciafl  speed).  One  can  ilisiinguish 
the  eftecis  ol  he.ul  Aailwiiul  from  downllow.  One  can  find 
an  equivalence':  the  downllow  which  [uoiluces  the  same 
etieci  as  a  tailwind. 
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Summary 


O  Motiuation 

O  Uiscoelastic  floii) 

O  Numerical  difficulties: 

the  high  Uleissenberg  number  problem 

O  Efficient  algorithms  for  smooth  problems 

9  Efficient  algorithms  for  singular  problems 

O  E»perimental  euidence  of  instability 

O  Numerical  procedure  for  uerifying  stability 

0  Numerical  results 

O  Conclusions  and  outstanding  problems 


The  notion  of  Ulelseenberg  or  Deborah  number 
Natural  time  of  the  fluid  :  \ 
Characteristic  time  of  the  floui :  t  =  t  =  L/U 
Ule  or  De  -  kii.  Re  -  p  U  L  /  ti 


Ule 


Uiscoelastic 

floui 


Change  of 
type 


Stokes  floui  Laminar  NS  Turbulent  floui 


Re 
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Uiscoelastic  effects 

Rod  climbing,  entrudate  swelling,  drag  reduction,  genercticr.  of 
uortices,  spurt,  sharkskin  and  melt  fracture,  draw  resonance... 


Constitutive  equations  for  viscoelastic  fluids 


Reneral  functional  form: 
Differential  form: 

Integral  form: 


o  - 


T- 

T- 


-p  I  ♦  T;  T  =  T  (  Ct(t-s) ;  s>0  } 
□ 

2T|  ;  gi  Ti  ♦  XTi  -  2  ni  D 


r 

oo 

m(s)  h(li,  12)  ClUt-s)  ds 

0 


In  addition:  Incompressibility,  V.v  -  0 


linear  momentum,  -Vp  VT  ♦  f  -  pa. 
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Example  :  plane  flow  of  a  Maxwell  fluid  with  one  relaxation  time 
set ;  implicit,  non-linear  partial  differential  equations 


Txx  +  A,(Txx,t  +  Txx,xu  +  Txx.yv  -  ^xxu.x  -  2Txyu,y)  =  2t|u^ 
Tyy  +  X(Tyy,t  +  Tyy.xU  +  Tyy.yV  -  2TxyV,x  -  2TyyV,y)  =  2Tlv.y 
Txy  +  XrrjQT.t  +  Txy,yu  +  Txy.yv  -  TxXv.x  -  Tyyu.y)  =  TiCu.y  +  v,x) 
+  Txx;x  +  Tyx,y  +  fx  =  p(u,t  +  u,xu  +  u.yv) 

-p,y  +  Txy,x  +  Tyy.y  +  fy  =  p(v',t  +  v,xu  +  v,yv) 

+  v,y  =  0 


The  high  Ulelssenberg  number  problem 

Early  deuelopments:  late  70'$  uiith  finite  differences 

finite  elements 

Typical  problems:  =>floiii  of  a  Manmell  fluid 

through  a  four  to  one  contraction 
=>eKtrudote  suielling  of  a  Maumell  fluid 

Difficulties:  O  lack  of  conuergence  beyond  IDe  =  1 

O  lack  of  conuergence  uiith  mesh  refinements 
0  limit  points 

Proposed  reasons:  O  true  limit  points,  uirong  fluid,  numerical  noise 

True  reason:  O  numerical  errors  generate  ill-posed  problems 

0  appropriate  mined  f.e.  representation  (T,  u,  p) 
or  other  methods 

0  correct  treatment  of  hyperbolic  problem 

_  rf 


u  ana  veriicai  w  wma. 


Efficient  Algorithms  for  iilscoelastic  floio  calculations 

streamline  upwind  (SU) 
streamline  upwind  ; 

Petrou-Galerkin  (SUPG) 

$U 

SUPG 

EEME  (enplicitely  elliptic  momentum  equations) 

Spftctral  methods 

Efficiency:  O  smooth  problems 

O  problems  with  singularities 

Note  on  SU  :  O  entremely  stable  at  high  lUe 
O  at  best  of  order  h  ! 


Miued  finite  elements  4m4  sub-el, 

4h4  sub-el, 

EUSS 

EUSS 


Smooth  test  problems 

Wavy  tube  Sphere  in  tube  Jourjial — bearirig 

me  =  271  5P  R4/LtiQ  K  =  D/bTiqVR 


..V.. 

t  f  I  f  f 


tipi 

«•  v«. 
•  T«a 


Table  I  Characiehstic  dimensions  of  finite  element  meshes  for  the  sphere  problem 


Diverges  Diverges  Drag  correction  factor  for  the  How  around  a  sphere  in  a  tube  filled  with  a  Maxwell 

fluid;  plain  tinea  :  SUPGfxf;  e ;EEME  (11):^:  Zheng  el  at  [14];  Q  ;  Sugeng  and  Tanner 


Problems  with  singularities 

Examples:  •  abrupt  contractions,  corners 

#  stick-slip  flows 

#  extrudate  swelling 

Essential  difficulty: 

#  the  nature  of  the  singularity  is  not  known 

#  stresses  might  be  non-integrable 

Present  approaches: 

#  modify  the  fluid  near  the  singularity 

#  modify  the  constitutive  equations  (MUCM) 

#  use  a  "robust"  numerical  method 

(which  may  also  locally  modify  the  fluid) 


Example  of  problem  with  singularity: 

Boger  fluid  through  a  four-to-one  contraction 


Vortex  size:  X  =  Lv  /  Du,  Weissenberg  number:  We  =  X.  yw 


Ptftty  Dtv«lopf4  SfCOA^rjF  Flow 


Geometry  of  the  flow  throufh  an  abrupt  circular  contrKtion 


Contraction  Ratio 
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The  Oldroyd-B  and  the  White-Metzner  fluid 
show  a  "saturation"  of  the  viscoelastic  effects  at  high  vahies  of  We; 

the  vortex  stops  growing 

(note:  independent  of  comer  and  numerical  method) 


Outstanding  question 

We  obtain  steady  state  solutions,  fire  we  on  stable  branches  ? 

EKperimental  euidence:  9  measured  and  calculated  drag 

for  Boger  fluid  (eKtensional  uiscosity  ?) 

Omelt  fracture  (euperiments  by  Piau) 

O  periodic  floui  through  4:1  contraction 

OLDU  obseruotions  by  Lauiler  et  al. 


'*»«! •  (SilOA)  xnii'y^ 
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LASER  DOPPLER  VELOCIMETRY  MEASUREMENTS  OF  VELOCITY 
FIELDS  AND  TRANSITIONS  IN  VISCOELASTIC  FLUIDS 


J.V.  LAWLER,  S.J.  MULLER.  R  A.  BROWN  and  R.C.  ARMSTRONG 

De_  irtment  of  Chemical  Engineering,  Massachusetts  Institute  of  Technology, 
Cambridge.  MA  02tJ9  (U  S  A.) 

(Received  October  9.  1985) 


Obseruotions  by  Louiler,  Muller,  Brouin  and  Armstrong 
Time  dependence  of  azimuthal  velocity  at  one  point  near  contraction 
De-0.51  De»0.85  De=1.17 


NumerlcQl  procedure 
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O  Fully  coupled  problem:  constitutiue  equations 

momentum  equations 
incompressibility 

0  Fully  implicit  time  marching  scheme 

O  Automatic  calculation  of  time  step 
based  on  predictor-corrector  estimate 

0Su;irling  fiom  included  in  auisymmetric  description 

OTest  of  accuracy:  time- dependent  Poiseuille  flom  of  MaKLuell  fluid; 

comparison  uiith  analytical  results 


Geometry 


Time-dependent  Poiseuille  floui 
RHial  uelocity 


at  De  -  1 

Time  step  vs.  time 


Figure  U  Suuiplc  uf  iluCi  rc( crili-d  fur  Fliglil  F'J,  (oiilainiilg 
,F,!.n..i  M-^|)i.uilicig  u.tlu-iomliiiiali.in  ul'  Fii;iiri  >.  T  anil  x  liu  HighI 
I  1 


Plane  floui  through  a  four  to  one  contraction 


^tftadv  state  : 
Inflow 

T  and  V  imposed 


\ 


Axi«  of  symmeny 


V  imposed 


stress 

Non  vanishing  pressure 


2 

O 


— S— — 1 

b 

3a 

Natural  BC 

5 

z 

8 

i  s 

u  to 

Vanishing 

Ij 

fell 

stress 

Non  vanishing  pressure 

Z 

o 

b 

c 

NaturalBC 

1 

Vanishing 

aJ 

C/3 

•J  -- 
to 

8 

Ngtural  BC 
Vanishing  forces 


Natural  forces 


- kr - 1 

Natural  BC 

8 

^  1 

Natural  force 

Non  vanishing  pressure 


Natural  forces 


Pressure 

difference 


+  +  +  +  +  +  + 


Pressoje  imooisc  of  10  % 


Time 


Plane  flow  through  a  four  to  one  contraction 
Galerkin  method,  De  -  2 


flHial  velocity 


Time  step 


1 
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Mesh 


Plane  flow  through  a  four  to  one  contraction 
Gaierkin  method,  De  °  3 
nuial  uelocity  Time  step 


1 


rtn  Mesh 


Plane  flow  through  a  four  to  one  contraction 
Streamline-upwind  method,  De  -  3 


flKial  velocity 


Time  step 
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OPreuious  results  based  on  Galerkin  method 
O  Not  optimal  for  soloing  hyperbolic  problems 
O  Rre  we  calculating  numerical  errors  ? 

P  Simple  test:  the  tensor  Tr  =  T  +  X/r)  I  must  be  positiue  definite 
O  Results  at  De  ==  4  :  lack  of  positiue-definiteness 


Summary  of  numerical  results 


I  Numerical  te$t5  for  the  flow  through  an  abrupt  contraction 


Deborah  number  (  1.0 


Galerkin 

MESH  I 

Galerkin 

MESH 

1 

Galerkin 

MESH 

1 

SU 

MESH  I 

a; 

MESHn 

sy _ 

For  a  smooth  contraction:  all  numerical  results  are  stable 
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Mesh 


nHlsymmetrIc  contraction 
Loss  of  stability  at  De  ->  7. 
flHial  velocity 


with  swirling  capability 
No  swirling  component. 
Time  step 


Conclusions 

O  The  numerical  simulation  of  viscoelastic  flow  is  well  understood 

O  Converged  results  are  available  with  various  techniques  for  smooth 
problems 

0  Problems  with  singularities  are  much  more  difficult:  the  nature  of 
the  singularity  is  unknown  (  non-integrable  forces  ?) 

O  Stability  problems  are  essential.  However,  are  we  observing  a 
numerical  instability  due  to  numerical  error  or  to  physical  causes  ? 

O  Same  is  true  for  the  calculation  of  eigenvalues 

O  Outstanding  problems  forfutuie  years 


DYNAMICS  AND  CONTROL  OF  COHERENT  STRUCTURES  IN  THE 
TURBULENT  WALL  LAYER  -  AN  OVERVIEW 

Gal  Berkooz,  Philip  Holmes,  John  Lumley 
Cornell  University 
Ithaca.  NY  14853,  USA 


abstract 

Wc  expand  the  velocity  field  in  the  vicinity  of  the  wall  in  empirical 
eigenfunctions  obtained  from  experiment.  Truncating  our  system,  and 
using  Galerkin  projection,  we  obtain  a  closed  set  of  non-linear  ordinary 
differential  equations  with  ten  degrees  of  freedom.  We  find  a  rich 
dynamical  behavior,  including  in  particular  a  heteroclinic  attracting 
orbit  giving  rise  to  intcrmittency.  The  intermittent  jump  from  one 
attracting  point  to  the  other  resembles  in  many  respects  the  bursts 
observed  in  experiments.  Specifically,  the  time  between  jumps,  and  th ; 
duration  of  the  jumps,  is  approximately  that  observed  in  a  burst:  the 
jump  begins  with  the  formation  of  a  narrowed  and  intensified  updraft, 
like  the  ejection  pha.se  of  a  burst,  and  is  followed  by  a  gentle,  diffuse 
downdraft,  like  the  sweep  phase  of  a  burst.  The  magnitude  of  the 
Reynolds  stress  spike  produced  during  a  burst  is  limited  by  our 
truncation.  The  behavior  is  quite  robust,  much  of  it  being  due  to  the 
symmetries  present  (Aubry’s  group  has  examined  dimensions  up  to  128 
vsith  persistence  of  the  global  behavior).  We  have  examined 
eigenvalues  and  coefficients  obtained  from  experiment,  and  from  exact 
simulation,  which  differ  in  magnitude.  Similar  behavior  is  obtained  in 
both  cases;  In  the  latter  case,  the  heteroclinic  orbits  connect  limit  cycles 
instead  of  fixed  poinLs.  corresponding  to  cross-stream  waving  of  the 
streamwise  rolls.  The  bifurcation  diagram  remains  structurally  similar, 
but  somewhat  distorted.  The  role  of  the  pressure  term  is  made  clear  ■  it 
triggers  the  intermittent  jumps,  which  otherwise  would  occur  at  longer 
and  longer  intervals,  as  the  system  trajectory  is  attracted  closer  and 
closer  to  the  heteroclinic  cycle.  The  pressure  term  results  in  the  jumps 
occurring  at  essentially  random  limes,  and  the  magnitude  of  the  signal 
determines  the  average  timing.  Stretching  of  the  wall  region  shows 
that  the  model  is  consistent  with  observations  of  polymer  drag 
reduction.  Change  of  the  third  order  coefficients,  corresponding  to 
acceleration  or  deceleration  of  the  mean  flow,  changes  the  heteroclinic 
cycles  from  attracting  to  repelling,  increasing  or  decreasing  the 
stability,  in  agreement  with  observations.  The  existence  of  fixed  points 
is  an  artifact  inuoduced  by  the  projection;  however,  a  decoupled  model 
still  displays  the  rich  dynamics.  Numerous  assumptions  made  in 
Aubry  er  al.  (1988)  can  now  be  proved  exactly.  Feeding  back 
eigenfunctions  with  the  proper  phase  can  delay  the  bursting,  (the 
heteroclinic  jump  to  the  other  fixed  point),  decreasing  the  drag.  It  is 
also  possible  to  speed  up  the  bursting,  increasing  mixing  to  conuol 
separation.  Our  approach  is  optimal  for  short  time  tracking  in  control. 

THE  PROPER  ORTHOGONAL  DECOMPOSITION 

Lumley  (1967)  proposed  a  method  of  identification  of  coherent 
sriuclures  in  a  random  turbulent  flow.  This  uses  what  Loivc  (1955) 
called  the  Proper  Orthogonal  Decomposition,  and  which  is  often  called 
the  Karhunen-Loive  expansion.  An  advantage  of  the  mcthtxl  is  its 
uujwtivUy  and  lack  of  bias.  Given  a  realization  of  an  inhomogencoas, 
energy  inlegrable  velocity  field,  it  consists  of  projecting  the  random 
field  on  a  candidate  structure,  and  .selecting  the  structure  which 
maximizes  the  projection  in  quadratic  mean.  The  calculus  ol  -.dria'oons 
reduces  this  problem  to  a  Fredholm  integral  equation  of  the  first  kind 
whose  symmetric  kernel  is  the  autocorrelation  matrix.  The  properties 
of  this  integral  equation  are  given  by  Hilbert  Schmidt  theory.  There  is 
a  denumerable  set  of  eigenfunctions  (structures).  The  eigenfunctions 
form  a  complete  orthogonal  set,  which  means  that  the  random  field  can 
be  rcconslrucUMl.  Thccocfliciciil.vaiw  uneoirclauUaiid  tlici*' r.ieaii  *q"rirc 
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Oceanography  Program),  The  U.  S.  National  Science  Foundation 
(programs  in  Applied  Mathematics.  Ruid  Mechanics,  Meteorology  and 
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values  are  the  eigenvalues  themselves.  The  Kernel  can  be  expanded  in  a 
uniformly  and  absolutely  convergent  series  of  the  eigenfunctions  and 
the  turbulent  kinetic  energy  is  the  sum  of  the  eigenvalues. 

The  most  significant  point  of  the  decomposition  is  perhaps  the 
fact  that  the  convergence  of  the  representation  is  optimally  fast  since 
the  coefficients  of  the  expansion  have  been  maximized  in  a  mean  square 
sense.  Berkooz  el  al.  (1990)  have  shown  that  the  n  terms  of  this 
decomposition  contain  at  least  as  much  energy  as  n  terms  of  any  other 
decomposition. 

Application  of  the  Proper  Orthogonal  Decomposition  to  the  Shear 
Row  of  the  Wall  Region 

The  flow  of  interest  here  is  three  dimensional,  approximately 
homogeneous  in  the  streamwise  direction  (xi)  and  spanwise  direction 
(xy),  approximately  stationary  in  time  (t),  inhomogeneous  and  of 
integrable  energy  in  the  normal  direction  (X2).  In  the  homogeneous 
directions  the  spectrum  of  the  eigenvalues  becomes  continuous,  and  the 
eigenfunctions  become  Fourier  modes,  so  that  the  proper  orthogonal 
decomposition  reduces  to  the  harmonic  orthogonal  decomposition  in 
those  directions.  Sec  Lumley  (1967, 1970, 1981)  for  more  details. 

We  want  a  three  dimensional  decomposition  which  can  be 
substituted  in  the  Navier-Stokes  equations  in  order  to  recover  the  phase 
information  carried  by  the  coefficients.  We  measure  the  two  velocities 
at  the  same  lime  and  determine  eujlxj.xy.xy  1)  ujfx’j.x  ^.x'y.Ds  =  Rjj. 
From  Rij  we  will  determine  the  eigenfunctions.  Since  the  flow  is 
quasistationary,  Ry  does  not  depend  on  time,  nor  do  the  eigenvalues  and 
eigenfunctions.  The  information  in  time  is  carried  by  the  coefficients 
al"'  which  arc  still  "stochastic",  but  now  evolve  under  the  constraint  of 
the  equations  of  motion.  Wc  .also  change  the  Fourier  integral  into  a 
Fourier  series,  assuming  that  the  flow  is  periodic  in  the  xj  and  X3 
directions.  The  periods  Lj,  Ly  arc  determined  by  the  first  non  zero 
wave  numbers  cho.scn.  Finally,  each  component  of  the  velocity  field 
can  be  expanded  as  the  triple  sum 

(1)  u,(x3,X2,X3,t)  = 

y  2ni(k,x,  +kyX3)  (n)  („) 

[kjn  ^ 

where 

(2)  /<I>ij(x2,  2)dx'2  = 

and  wc  have  lo  solve  equation  (2)  for  each  pair  of  wave  numbers 
(k}.k3).  C>jj  now  denotes  the  Fourier  transform  of  Rjj  in  the  xj, 
directions. 

KXPKRIMENTAL  RESULTS 

The  candidate  flow  wc  arc  investigating  is  the  wall  region  (which 
reaches  X2‘*‘ =40;  ai*"  is  uic  distance  fmm  the  wall  normalized  by 
kinematic  viscosity  and  friction  velocity)  of  a  pipe  How  with  almost 
pure  glycerine  (98%)  as  the  working  fluid  Hcr/og  (1986).  From  ihi.s 
data  the  autocorrelation  tensor  Rij  was  obtained  and  the  spatial 
v»crc  cxii  acted  by  mimrncal  solution  of  the  eigenvalue 
problem.  The  results  show  that  approximately  60%  of  the  tot^  kinetic 
energy  is  contained  in  the  first  cigenmode  (figure  1)  and  that  the  first 
three  eigenmodcs  capture  essentially  the  entire  flow  field  as  far  as  these 
statistics  are  corKcm^. 

THE  DYNAMICAL  EQUATIONS 

Wc  dccompo.se  the  velocity — or  the  pressure — into  the  mean 
(defined  using  a  spatial  average)  and  fluctuation  in  the  usual  way.  Wc 
substitute  this  decomposition  into  (he  Navier-Stokes  cquatirms.  Taking 
the  spatial  average  of  these  equations  wc  obtain,  in  the  quasi  stauonarv 
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case,  an  approximate  relation  between  the  divergence  of  the  Reynolds 
stress  and  the  mean  pressure  and  velocity. 

(3)  <ui juj>  =  -  1/p  P,i  +  V  U,jj6i  1 . 

(where  uij  indicates  the  derivative  with  respect  to  xj  of  uj.  and 
similarly  for  the  other  terms;  repeated  indices  are  summed).  Equation 

(4)  may  be  solved  to  give  the  mean  velocity  in  terms  of  die  Reynolds 
stress  in  u  ^.arallel  flow.  This  reduces  the  slope  of  the  mean  velocity 
as  the  siruclurcs  become  stronger,  stabilizing  the  system.  (This 
depends  on  the  sign  of  the  Reynolds  stress,  which  is  certainly  positive 
for  the  First  structure,  though  not  necessarily  for  the  higher  modes). 

After  taking  the  Fourier  transform  of  the  Navier  Stokes  cquaticHis 
and  introducing  the  truncated  expansion,  we  apply  Galerkin  projection 
by  multiplying  the  equations  by  each  successive  eigenfunction  in  turn, 
and  integrating  over  the  domain. 


Figure  /.  Convergence  of  the  proper  orthogonal  decomposition  in  the 
near-wall  region  (x2'*‘  =  40)  of  a  pipe  flow  according  to  experimental 
data.  Turbulent  kinetic  energy  in  the  first  three  cigcnmodcs.  (n  « 
1 . 2,  3)  function  of  the  spanwisc  wavenumber  (from  Hcryog.  1986). 

By  use  of  the  continuity  equation  and  the  boundary  conditions 
(\'an(shing  of  the  normal  component  at  (he  wait,  and  at  infinity)  it  can 
be  seen  by  integration  by  parts  that  the  pressure  term  would  disappear  if 
the  domain  of  integration  covered  the  entire  flow  volume.  Since  this 
IS  not  the  ca.se  (rather  the  domain  is  limited  to  Xf  »  40,  where  Xf 
indicates  the  value  of  x/  at  the  upper  edge  of  the  integration  domain), 
there  remains  the  value  of  the  pressure  icnn  at  X^,  w  hich  represents  an 
external  perturbation  coming  from  the  outer  flow. 

ENERGY  TRANSFER  MODEL. 

The  exact  form  of  the  equations  obtained  from  the  decomposition, 
truncated  at  some  cut-off  point  (kic,1^3c.’’c)’  account  for  the 

energy  transfer  between  the  resolved  (included)  modes  and  the  unresolved 
smaller  scales.  The  influence  of  the  missing  scales  will  be 
paramctcri/.cd  by  a  simple  gencrali/.ation  of  (he  Hci.scnbcrg  .spectral 
model  in  homogeneous  turbulence.  Such  a  model  is  fairly  crude,  but 
we  fee)  that  its  details  will  have  little  influence  on  the  behavior  of  the 
energy-containing  scalc.s,  just  as  the  details  of  a  sub-grid  .scale  model 
have  relatively  little  influence  on  the  behavior  of  the  resolved  scales  in 
a  large  c<ldy  simulation.  This  Is  a  sort  of  St.  Venant's  principle, 
admittedly  unproved  here,  but  amply  demonstrated  experimentally  by 
the  universal  nature  of  the  energy  containing  scales  in  turbulence  in 
diverse  media  having  different  fine  structures  and  dissipation 
mcchani.sms  (see  Lumicy  (1972)  for  a  fuller  discussion).  The  only 
important  parameter  is  the  amount  of  energy  absorbed. 

We  will  refer  to  ai  as  a  Heisenberg  parameter.  We  will  adjust  ai 
upward  and  downward  to  simulate  greater  and  smaller  energy  loss  to  the 
unresolved  modes,  corresponding  to  (he  presence  of  a  greater  or  smaller 
iiiicnsity  of  smaller  scale  turbulence  in  the  neighborhood  of  the  wall. 
This  might  corrc.spond.  for  example,  to  the  environment  just  before  or 
just  .'if.rr  a  biirfr'ing  event,  which  produces  a  large  burst  of  small  scale 
turbulence,  which  is  then  diffused  to  the  outer  part  of  the  layer. 

A  term  representing  the  energy  ir*  unresolved  field 

clue  to  (he  rcsolvMi  ticld  appears  in  the  equation  for  the  resolved  Field, 
and  can  be  combined  with  the  pressure  term.  We  assume  that  the 
deviation  (on  the  rc.solvcd  scale)  in  the  kinetic  energy  of  the  unresolved 
scales  is  pfx)portional  to  the  rate  of  loss  of  energy  by  the  resolved  scales 
to  the  unresolved  scales.  This  term  gives  some  quadratic  feed-back. 
For  generality  we  call  this  parameter  a2  .  although  in  all  work 
presented  in  this  paper,  we  have  set  ai  a  a2  . 

Thus  the  Heisenberg  model  introduces  two  parameters  in  the 
system  of  equations,  one.  in  the  linear  term,  the  other  one,  02.  in 
the  quadratic  term.  The  equations  therefore  have  the  following  form: 


(4)  /di  =  L  -I-  (V  -i-  a|V'i')L‘  +  Q  +  a2Q'  +  C 

where  L  and  L'  represent  the  linear  terms,  Q  the  direct  quadratic  terms, 
Q'  the  quadratic  pseudo-pressure  term  and  C  the  cubic  terms  arising 
from  the  Reynolds  stress. 

IMPLICATIONS  FOR  THE  FLOW  IN  THE  WALL 
REGION 

Numerical  integrations  of  3. 4.  5  and  6  mode  models  have  been 
carried  out,  but  we  shall  only  report  in  detail  on  the  6  mode  (5  active 
mode)  simulations  here.  Note  that  the  (0,  0)  mode  is  uncoupled  and 
inactive. 

There  is  a  rich  dynamical  behavior,  but  we  focus  here  on  the 
behavior  for  1.37  <  a<  1.61.  when  a  family  of  globally  aiiraciing 
double  homoclinic  cycles  G  exists,  connecting  pairs  of  saddle  points 
which  arc  k  out  of  phase  with  rc.spcct  to  their  .second  (x2,y2^ 
components.  The  system  spirals  away  from  one  saddle  (the  laminar 
phase)  until  it  is  far  enough  to  leap  to  the  other,  and  then  repeats  the 
process,  to  return  to  the  First.  The  existence  of  the  cycles  G  implies 
that,  after  a  relatively  brief  and  possibly  chaotic  transient,  almost  all 
solutions  enter  a  tubular  neighborhood  of  G  and  thereafter  follow  it 
more  and  more  closely.  As  they  approach  G,  the  duration  of  the 
"laminar "  phase  of  behavior  increases  while  the  bursts  remain  short. 
In  an  idea),  unperturbed  system,  the  laminar  duration  would  grow 
without  bound,  but  small  numerical  perturbations,  such  as  truncation 
errors,  prevent  this  occurring  in  our  numerical  simulations.  More 
significantly,  the  pressure  perturbation  will  limit  the  growth  of  the 
laminar  periods.  Thus  there  is  an  effective  maximum  duration  of 
events,  which  is  reduced  as  a  is  decreased  from  the  critical  value  Ob 
1.61. 

In  Figure  2  we  show  the  lime  histories  of  the  modal  cocfFicicnts 
for  a  ss  1.45.  A  description  of  the  motion  of  the  eddies  during  a  burst 
is  given  in  Figure  3  for  a  =  1.4  by  plotting  U2  and  U3  at  14  different 
limes  during  one  of  the  transitions  shown  in  Figure  2.  Before  and  after 
the  event,  two  pairs  of  sircamwisc  vortices  arc  present  in  the  periodic 
box.  However,  pictures  I  and  14  arc  shifted  in  the  spanwise  direction 
by  n.  Moreover  it  is  possible  to  adjust  the  value  of  the  Heisenburg 
parameter  (a  -  1.5)  so  that  the  bursting  period  is  100  wall  units  a.s 
experimentally  observed  (Kline  e/  ai.,  1967).  U  is  found  that.  In  this 
ease,  the  "burst’  lasts  10  wall  units  which  is  also  the  right  order  of 
magnitude.  During  one  of  these  events  there  is  a  sudden  increase  in 
Reynolds  stress,  though  smaller  than  observed.  An  event  consists  of  a 
sudden  intcnsiFicat'on  and  sharpening  of  the  updraft  between  eddies  (5, 6 
&  7,  fig.3),  followed  by  a  drawing  apart  of  the  eddies,  and  the 
establishment  of  a  gentle  downdraft  between  them  (9, 10  &  11.  fig.  3): 
these  arc  similar  respectively  to  the  ejection  and  sweep  events  that  arc 
observed. 

PHYSICAL  INTERPRETATION 

Keith  Moffalt  points  out  that  non-lrivial  solutions  to  the  Navier 
Stokes  equations,  having  no  strcamwisc  variation  and  driven  by  a 
sircamwisc  (mean)  velocity  dependent  only  upon  distance  from  the  wall, 
should  ultimately  decay.  This  is  easily  seen  from  a  simpliflcd  model 
with  a  single  cross-stream  Fourier  mode  for  each  velocity  component 
and  a  Fixed  linear  mean  velocity  profile.  The  strcamwisc  velocity 
component  (ui)  is  fed  from  the  mean  velocity  gradient  by  the 
component  normal  to  the  wall  (u2).  However,  neither  U2  nor  U3  has  a 
source  of  cneq^y.  Both  U2  and  U3  decay  exponentially  from  their  initial 
valuc.s,  with  U]  at  First  rising,  but  ultimately  decaying  exponentially 
also.  The  ratio  of  the  Reynolds  stress  to  the  energy  at  first  rises,  hut 
ultimately  decays  to  zero  algebraically. 

In  our  ten-dimensional  model,  however,  the  ratio  of  Reynolds 
stress  to  energy  docs  not  decay,  but  is  bounded  away  from  zero,  as  is 
easily  proved  (Berkooz  ef  uF,  1990),  providing  the  energy  source  which 
makes  the  non-trivial  Fixed  points  and  hctcroclinic  cycles  possible. 
Berkooz  has  also  shown  (op  cit)  thai.  since  the  contributions  of  some 
of  the  higher  modes  to  the  Reynolds  stress  arc  of  opposite  sign  to  that 
of  the  First  mode,  the  Reynolds  stress  for  highcr-orda  approximations 
will  not  be  bounded  away  from  zero.  Thus  we  expect  an  "accurate" 
model  lacking  strcamwisc  variations,  but  including  many  spanwise 
"'Mes  nn1  several  eigenfunctions.  (  vxhibii  the  appr^  priate  dcway 
ptoptiiuCS»  Uie  inviai  solution  u  »  0  being  a  stable  tixcd  point. 

The  proximal  cause  for  the  non-zero  Reynolds  strcss/cncrgy  ratio 
when  only  the  First  eigenfunction  is  included,  therefore,  is  the  fact  that 
the  vector  eigenfunctions  have  .scalar  cocfTicients.  Hence,  the  ui  and  U2 
components  in  each  mode  arc  held  in  a  non-evolving  ratio.  The  eddies 
which  occur  in  the  real  boundary  layer,  of  course,  have  strcamwisc 
variation,  and  temporal  variation.  They  each  go  through  a  life  cycle, 
growing  to  a  maximum  and  decaying.  Only  in  a  statistic  sense  is  the 
ensemble  sutionary.  The  stationary  behavior  of  the  model  reflects  the 
stationary  behavior  of  the  ensemble,  rather  than  the  non-stationary 
behavior  of  the  members.  The  Reynolds  stress  of  the  model  (relative  io 
the  energy)  is  endowed  by  the  empirical  eigenfunctions  with  the  value 
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measured  in  ihe  real  boundary  layer.  In  this  way  ihc  cross-sucam 
velocity  components  can  extract  energy  from  the  mean  flow.  Hence, 
the  empirical  eigenfunctions  are,  in  a  sense,  a  closure  approximation 
that  embodies  the  effects  of  strcamwisc  structure  and  uaslcadincss  in  the 
value  of  the  Reynolds  stress  represented  by  the  relative  sizes  of  their 
components.  In  this  sense  the  model  only  appears  to  belong  to  the 
subspacc  of  fields  without  streamwise  variation. 

In  the  present  context,  the  vital  question  is  whether  the  complex 
and  apparently  physically  significant  dynamical  behavior  of  the  ten* 
dimensional  model  is  an  artifact  of  the  projection,  like  the  fixed  points. 
Happily  we  can  give  strong  assurance  that  this  is  not  so.  We  have 
constructed  a  decoupled  model  (Berkooz  et  al.,  1990)  in  which  the 
streamwise  component  and  those  normal  to  the  streamwise  direction 
have  separate  coefficients.  Solutions  of  this  model  decay  properly,  as 
dcscrib^  in  the  first  paragraph  (figure  4).  The  Reynolds  stress  (relative 
to  the  energy)  decays  to  zero.  The  "fixed  points"  now  drift  slowly 
toward  the  origin.  They  are  still  connected  by  "ghosts"  of  hcicroclinic 
cycles,  so  that  the  same  bursting  phenomenon  occurs,  but  the  bursts  atv 
now  modulated  by  the  slow  decay.  The  bursts  only  occur  while  the 
cross-stream  components  are  non-zero.  There  is  a  relatively  l<xtg  period 
after  the  cross-stream  components  have  decayed  during  which  only  the 
streamwise  component  remains,  no  bursting  occurs,  and  the  strcamwisc 
component  decays  slowly  to  zero.  We  feel  that  this  is  probably  the 
explanation  for  the  common  observation  that  the  sublayer  consists 
primarily  of  "streaks"  -  the  streamwise  remnants  of  eddies  whose  cross- 
stream  components  have  decayed.  The  fraction  of  time  during  which 
there  is  cross  stream  activity  (u2,  U3  and  bursting)  is  relatively  short, 
and  most  of  the  lime  the  scene  would  be  dominated  by  the  streak  left 
behind. 


Figure  2.  Time  hi.siories  of  the  real  (x^)  and  imaginary  (yi)  parts  of  the 
coefficients  for  a  value  of  the  Heisenberg  parameter  of  a  -  1 .45. 
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Figure  3.  Intcrmillenl  solution  (conespouJing  to  an  Heisenberg 
parameter  as  1.4)  during  a  burst,  times  equally  speced  from  the 
bottom.  Each  snapshot  is  a  cross  section  of  the  How  (normal  to  the 
strcamwisc  fireclion)  from  the  wall  (bottom)  to  X2‘*’  ~  40  (top),  of 
width  Dx3+  =  333. 


(a) 


(b) 


Figure  4.  (a)  Evolution  of  modal  components  for  the  uncoupled  model: 
bj  arc  the  streamwise  and  cj  the  cross  stream  components  respectively, 
(b)  Evolution  of  the  energy  for  the  uncoupled  model. 


Holmes  et  al.  (1990)  have  investigated  in  some  depth  the  subspace 
of  no  streamwise  variation.  If  we  let  P(  )  be  a  projection  operator, 
which  is  equivalent  to  a  streamwise  average,  we  can  split  the  field  into 
resolved  modes  r  €  R  and  unresolved  modes  s  €  S,  so  that  o  =  r  -f  s, 
and  P(s)  =  0,  P(u)  =  r,  then  Berkooz  (Berkooz  et  al.  1990)  has  shown 
the  correspondence  P(SOLUnON  OF  NS  )  to  the  SOLUTION  P(NS). 
That  is.  if  we  streamwise  average  U>e  Navicr  Stokes  equations,  how 
does  the  solution  of  the  averaged  equations  correspond  tc  the  streamwise 
average  of  the  solution  of  the  full  equations.  He  has  shown  in  addition: 
that  the  Leonard  stresses  (the  cross  stresses  between  the  resolved  and 
unresolved  modes)  vanish  on  the  average;  that  the  perturbation 
Reynolds  stresses  can  only  transfer  energy  from  R  10  S;  and  that  the 
energy  loss  from  R  to  S  can  be  represented  by  an  eddy  viscosity.  Many 
of  ihc.se  were  assumed  in  Aubry  et  al.  (1988). 

We  have  truncated  in  our  ten-dimensional  system  the  mechanism 
that  represents  the  production  of  higher  wavenumber  energy  when  an 
intense  updraft  is  formed,  presumably  as  a  result  of  a  secondary 
instability.  Thus,  although  our  eddies  are  capable  of  exhibiting  the 
basic  bursting  and  ejection  process,  (he  labor  is  in  vain.  A  contribution 
is  made  only  to  the  low  wavenumber  pan  of  the  streamwise  fluctuating 
velocity  ar>d  the  Reynolds  stress.  Recently  however.  Aubry  &  Sanghi 
(1989)  have  extended  the  model  to  include  I,  2  and  3 


8-4 


Y5 
X5 

V3 
X3 


‘4  *  i — t  4  ^-4  ♦  ■♦  ■*■ 


W)«wW'» '  M  ^ 4 — h  i>  4  ■  ♦  *  i  “I 


'Ww»*ariAjnjnjiJWiru^ 


*~f> — ^- 


-A— * — < — < — ♦— •■ 


Figure  5.  Similar  to  figure  2,  but  with  the  pressure  term  operative. 
Note  that  the  inter-burst  period  is  randomized,  and  on  average, 
stabilized. 


streamwise  Fourier  components,  going  up  to  studies  of  38  complex  (78 
real)  differential  equations  (very  recently  extended  to  128  real).  Addition 
of  the  streamwise  components  does  not  change  the  basic  behavior  of  the 
system.  For  the  most  part  the  streamwise  components  are  relatively 
quiescent;  following  a  burst,  however,  they  are  excited,  contributing  to 
the  Reynolds  stress. 

Initially  we  did  not  exercise  the  pressure  term,  which  appeared  due 
to  the  finite  domain  of  integration.  The  order  of  magnitude  that  we 
estimated  for  this  term  was  small,  and  for  that  reason  we  at  first 
neglected  it.  It  has,  however,  an  important  effect,  while  not  changing 
the  qualitative  nature  of  the  solution. 

The  term  has  the  form  of  a  random  function  of  time,  with  a  small 
amplitude.  This  slightly  perturbs  the  solution  trajectory  constantly; 
away  from  the  fixed  points  this  has  litdo  effect,  but  when  the  solution 
uajectory  is  very  close  to  these  points,  the  perturbation  has  the  effect  of 
throwing  the  solution  away  from  the  fixed  point,  so  that  it  need  not 
watt  long  to  spiral  outward.  This  results  in  a  thorough  randomization 
of  the  transition  time  from  one  solution  to  the  other,  while  having 
little  effect  on  the  structure  of  the  solution  during  a  burst.  While  in  the 
absence  of  the  pressure  term  (and  round-off  error),  the  interburst  time 
tends  to  lengthen  as  the  solution  trajectory  is  attracted  closer  and  closer 
to  the  hcteroclinic  cycle,  with  the  pressure  term,  the  mean  time 
.stabilizes. 

One  of  the  important  findings  of  this  work  is  the  suggestion  of 
the  etiology  of  the  bursting  phenomenon.  That  is.  presuming  that  the 
abrupt  transitions  from  one  fixed  point  to  the  other  can  be  identified 
with  a  burst,  these  bursts  appear  to  be  produced  autonomously  by  the 
wall  region,  but  to  be  triggered  by  pressure  signals  from  the  ouutr  layer 
Whether  the  bursting  period  scales  with  inner  or  outer  variables  has 
been  a  controversy  in  the  turbulence  literature  for  a  number  of  years. 
The  matter  has  been  obscured  by  the  fact  that  the  experimental  evidence 
has  been  measured  in  boundary  layers  with  fairly  low  Reynolds 
numbers  lying  in  a  narrow  range,  so  that  it  is  not  realty  possible  to 
distinguish  between  the  two  types  of  scaling.  The  turbulent  polymer 
drag  reduction  literalure  is  particularly  instructive,  however,  since  the 
sizes  of  the  large  eddies,  and  the  bursting  period,  all  change  scale  with 
the  introduction  of  the  polymer  (Kubo  &  Lumley,l980;  Lumley  & 
Kubo,  1984).  The  present  work  indicates  clearly  that  the  wall  region  is 
capable  of  producing  bursts  autonomously,  but  the  liming  is  determined 
by  trigger  signals  from  the  outer  layer.  This  suggests  that  events 
during  a  burst  should  scale  unambiguously  with  wall  variables.  Time 
between  bursts  will  have  a  more  complex  scaling,  since  it  is  dependent 
on  the  first  occurrence  of  a  large  enough  pressure  signal  long  enough 
after  a  previous  burst;  "long  enough"  is  determined  by  wall  variables, 
but  the  pressure  signal  should  scale  with  outer  variables. 

FURTHER  CONSEQUENCES 

We  are,  of  course,  concerned  about  the  robustness  of  our  findings. 
We  have  tried  eigenfunctions  generated  from  exact  numerical 
simulations  of  channel  flow,  by  Moser  and  Moin  at  the  Center  for 
I'urbuicnce  Research  (Stanford/NASA  Ames).  These  eigenfunctions  are 
superficially  similar  to  those  from  Herzog's  data,  but  result  in  changes 
of  the  order  of  20%  in  the  values  of  the  coefficients  in  the  equations. 
The  bifurcation  diagram  is  similar,  but  the  fixed  points  are  replaced  by 
limit  cycles.  Phy.sically,  this  means  that  the  eddies  are  wiggling  from 
side  to  side  instead  of  sitting  still.  This  makes  no  essential  difference, 
and  is  even  more  realistic  physically.  The  inlermillcnt  behavior 
remains. 


Figure  6.  Bifurcation  diagrams  for  models  with  varying  numbers  of 
cross-stream  modes  (from  Stone,  1989).  Note  in  the  six-mode  model 
that  modes  3  and  5  have  been  suppressed  for  clarity.  Note  the 
similarity  of  the  basic  structure. 

In  her  thesis,  Slone  (Stone  &  Holmes,  1990)  investigated  models 
with  various  numbers  of  cross-stream  modes:  3, 4,  5  and  6.  She  found 
that  the  bifurcation  diagrams  had  a  backbone  common  to  all  of  these 
systems,  and  were  all  structurally  similar.  In  particular,  the 
intermittent  behavior  was  common  to  all.  This  is  illustrated  in  figure 
6. 

In  addition.  Stone  (Stone  &  Holmes,  1990)  found  that  a  small 
change  in  the  value  of  the  coefficients  of  the  third  order  terms  could 
change  the  hcteroclinic  cycles  from  attracting  to  repelling.  This  is 
illustrated  in  Figure  7  (lower),  where  one  can  see  that  the  system  begins 
on  a  traveling  wave,  but  is  gradually  attracted  to  the  hcteroclinic  cycle. 
In  Figure  7  (upper)  we  see  the  opposite  -  the  system  starts  on  the 
hcteroclinic  cycle,  but  is  repelled  by  it,  and  ends  on  a  traveling  wave. 
(We  show  only  the  values  of  the  first  two  transverse  Fourier  modes  - 
the  others  are  quiescent).  This  would  be  a  dynamical  systems 

curiosity,  if  we  could  not  relate  it  to  the  physics.  However,  if  we 
consider  the  case  dfU  j  =  kU  i  (an  exponential  increase  or  decrease  of  the 
mean  velocity)  we  find  that  this  results  in  a  change  in  the  real  pan  of 
the  cubic  terms  for  k]  =  0.  When  k  changes  sign  the  addition  to  the 
real  part  of  the  cubic  term  changes  sign.  This  phenomenon  is  related  to 
the  destabilization  and  stabilization  known  U)  be  induced  by  deceleration 
and  acceleration  of  the  flow  (as  by  an  adverse  or  favorable  pressure 
gradient).  Although  we  have  discussed  here  the  effect  of  temporal 
acceleration  and  deceleration,  the  same  qualitative  effect  is  obtamed  from 
a  spatial  acceleration  and  deceleration.  Making  the  heicroclinic  cycle 
more  attractive  would  increase  the  time  between  bursts,  stabilizing  the 
flow,  and  vice  versa. 

Stone  (Slone  &  Holmes.  1990)  also  predicted  and  measured 
histograms  of  the  bursting  period  (Figure  8a).  These  look  reasonably 
similar  to  measurements  of  the  same  by  Kline  et  al.  (1967).  (Figure 
8b). 

Bloch  and  Marsden  (1989)  have  shown  that  it  is  possible  to 
stabilize  this  system  by  feedback,  in  the  absence  of  noise.  That  is,  if 
an  eigenfunction  is  fed  back  with  the  proper  phase,  the  system  can  be 
held  in  the  vicinity  of  a  fixed  point  for  all  time.  In  the  presence  of 
noise,  however,  (such  as  the  pressure  perturbation  from  the  outer  layer) 
the  system  cannot  be  stabilized  completely;  however,  it  can  be  held  in  a 
neighborhood  of  the  fixed  point  for  a  longer  time.  When  the  system 
finally  wanders  so  far  from  the  fixed  point  as  to  make  it  uneconomical 
to  recapture  it,  it  is  allowed  to  leave.  The  same  procedure  is  carried  out 
at  the  other  fixed  point.  The  effect  is  to  increase  the  mean  time 
between  bursts,  and  hence  to  reduce  the  drag.  Of  course,  the  system  can 
be  made  to  work  the  other  way,  also,  kicking  the  system  away  from  the 
fixed  point  whenever  it  comes  too  close,  resulting  in  a  decrease  in  the 
mean  time  between  bursts,  and  an  increase  in  drag.  This  would  be 
useful  in  avoiding  separation  or  improving  mixing,  for  instance.  In 
recent  work.  Berkooz  (1990)  intn^uced  the  notion  of  short  term 
tracking  lime,  which  measures  the  time  over  which  a  dynamical  system 
model  tracks  the  true  dynamics  accurately;  for  control,  it  must  be  of  the 
order  of  the  wall  region  time  scales.  Berkooz  (19%)  showed  that 
dynamical  systems  based  on  the  Proper  Orthogonal  Decomposition 
have,  on  the  average,  the  best  short  term  tracking  time  for  a  given 
number  of  modes. 

In  drag  reduction  by  polymer  additives,  one  of  the  accepted 
mechanisms  (Kubo  A  Lumley,  1980;  Lumley  &  Kubo.  1984)  is  the 
stabilization  of  the  large  eddies  in  the  turbulent  part  of  the  flow, 
allowing  the  eddies  to  grow  bigger  and  farther  apart,  as  observed. 
Aubry  el  al  (1989)  tried  stretching  the  eddy  structure  in  the  wall  region. 
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producing  drag  reduction,  and  found  the  bifurcation  diagrams 
morphologically  unchanged,  except  that  the  bifurcations  occurred  for 
larger  and  larger  values  of  the  Heisenberg  parameter.  This  suggests  that 
the  motions  giving  rise  to  the  bifurcations  are  more  and  more  unstable, 
the  mo*e  the  region  is  stretched,  requiring  a  larger  and  larger  value  of 
the  Heisenberg  parameter  to  stabilize  them.  No>v,  the  Heisenberg 
parameter  represents  the  loss  of  energy  to  the  unresolved  modes. 
However,  the  crudeness  of  the  model  is  such,  that  it  cannot  distinguish 
between  loss  to  the  unresolved  modes  and  loss  to  any  other  dissipation 
mechanism,  such  as  viscosity  or  cxiensional  viscosity.  As  far  as  the 
large  scales  arc  concerned,  ^1  losses  are  the  same.  Hence  the  findings 
of  Aubry  et  ai  (1989)  are  completely  consistent  with  the  idea  of  the 
larger  eddies  being  less  stable,  and  able  to  grow  to  this  larger,  less 
stable  size  due  to  the  stabilizing  effect  of  the  polymer. 

Finally,  Bloch  and  Marsden  (1989)  have  shown  that,  within  the 
assumptions  of  the  scenario  above,  polymer  drag  reduction  is  cquivaieni 
to  conuol  of  the  wall  region.  That,  is  they  showed  that  an  increase  of 
the  Heisenberg  parameter  was  equivalent  to  control  by  feeding  back 
eigenfunctions,  and  would  lead  to  a  reduction  in  the  bursting  rate,  and 
hence  to  a  decrease  in  the  drag.  According  to  the  scenario  above,  this 
would  lead  to  a  stabilization,  and  result  in  a  growth  of  the 
eigenfunctions.  This  has  the  important  consequence  that  a  controlled 
boundary  layer  would  be  very  similar  to  a  polymer  drag-reduced 
boundary  layer.  From  experience  with  the  polymer-drag-reduced 
boundary  layer,  we  know  that  it  would  be  a  robust  layer,  still  turbulent 
though  with  a  reduced  bursting  rale,  relatively  insensitive  to  roughness 
and  external  disturbance.  This  is  important  from  the  standpoint  of 
applications.  Other  drag  reduction  schemes  ctmnected  with  stabilization 
of  the  laminar  layer  arc  not  robust  in  this  sense,  and  arc  very  sensitive 
to  external  disturbances  and  surface  roughness. 

From  a  practical  point  of  view,  the  feed  back  could  be 
implemented  by  an  array  of  hot  film  sensors  to  detect  the  presence. 
locaiitMt  and  strength  of  an  eigenfunction.  Piezoeleccrically  raised  welts 
could  produce  a  negative  eigenfunction  (see  figure  9)  by  overturning  the 
vorticity  in  the  boundary  layer. 


Figure  7.  A  model  system  with  two  streamwise  modes  (one  active)  and 
three  cross-sircam  modes  (two  active).  We  show  only  the  01  and  02 
modes  (the  others  arc  unexcited).  In  the  upper  figure  one  of  the  third 
order  coefficients  is  -2.69,  and  the  hcteroclinic  cycle  is  repelling;  in  the 
lower,  it  is  -3.(X).  and  it  is  attracting  (Stone,  1989). 


Figure  8.  (a)  The  predicted  and  measured  histogram  of  the  bursting 
period  from  our  model  (Stone,  1989).  (b)  The  measured  histogram  of 
the  bursting  period  in  the  uirbulent  boundary  layer,  from  Kline  et  at. 
(l%7). 


Figure  9.  Schematic  ofapiezoelectrically  produced  welion  the  surface, 
overturning  the  vorticity  in  the  boundary  layer  and  producing  a  negative 
eigenfunction. 
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SUMMARY 

The  contradiction  between  mathematical  reversibility 
and  physical  irreversibility  has  traditionally  led  to  the 
suspicion  of  "hidden  correlations”  that  will  allow,  in 
some  cases,  the  decrease  of  the  entropy  of  isolated 
systems 

This  idea  seems  wrong,  as  shown  by  a  very  simplified 
model. 

The  true  reason  of  the  physical  irreversibility  is 
certainly  the  very  large  number  of  parameters  of 
irreversible  systems. 

LIST  OF  SYMBOLS 

In  this  paper  with  many  very  large  numbers  we  will  use 
the  notation  "by  figures  and  sizes"  with  the  letter  p  for 
"positive  power  of  ten"  and  the  letter  n  for  "negative 
power  of  ten". 

Hence  for  instance; 

6.02p23  =  Avogadro  number  =  6.02x10'-^ 

1.66n24  =  inverse  of  Avogadro  number  =  1.66  .x  10^^'*. 

Let  us  recall  that  the  "figure",  left  to  the  p  or  n  (t.e.  here 
6.02  and  1.66)  is  always  between  1  and  10.  This  gives 
an  unambi^ous  definition  to  the  "size"  (here  p23  and 
n24).  The  size  is  the  main  element  of  very  large  and 
very  small  quantities,  it  is  even  very  often  their  only 
known  element. 

INTRODUCTION 

The  physical  laws  have  reversible  mathematical 
expressions  while  the  physical  phenomena  are 
essentially  governed  by  the  irreversibility  of  the  second 
principle  of  thermodynamics... 

A  CONCRE'l'E  EXAMPLE 

Let  us  open  the  communication  between  two 
neighouring  closed  vessels  full  of  gas.  The  brownian 
motion  will  e^alize  the  temperatures,  the  pressures  and 
the  compositions  while  the  opposite  evolution  never 
appears. 

However; 

A)  The  brownian  motion  and  the  kinetic  theory  of  gas 
are  conservative  and  reversible. 

B)  Henri  Poincar4  has  demonstrated  that  for  bounded 
and  conservative  systems  almost  all  initial  conditions 
lead  to  an  infinite  number  of  returns  in  the  vicinity  of 
these  initial  conditions  (the  mathematicians  specify; 
"in  any  vicinity  of  the  initial  conditions"). 

These  returns  to  the  vicinity  of  initial  conditions  are  of 
course  contradictory  with  the  equalization  of 
temperatures,  pressures  and  compositions. 


CLASSICAL  AND  UNSATISFACTORY  ANSWERS 

A)  "There  exist  perhaps  some  very  small,  irreversible 
and  dissipative  hidden  phenomena  that  forbid  the 
application  of  Poincare  results...". 

This  rejection  of  a  major  S3rmmetry  of  nature  is  not 
justified  and  our  present  knowledges  are  sufficient  for 
the  resolution  of  the  observed  contradiction. 

B)  "In  principle  Henri  Poincare  is  right  and  for  strictly 
isolated  system  there  is  indeed  this  mysterious 
correlation  between  initial  and  final  conditions  (after 
the  return  time  of  Poincare).  But  our  systems  are  not 
isolated  and  even  very  small  perturbations,  such  as  the 
attraction  of  planet  Pluto,  destroy  this  correlation...". 

These  "mysterious  correlations"  are  imaginary  and  it  is 
in  a  natural  fashion  that  the  system  returns  towards  all 
attainable  states  from  the  given  initial  conditions.  The 
invoked  "very  small  perturbations"  have  nothing  to  do 
there  and  will  not  modify  the  order  of  magnitude  of 
Poincare  return  time,  even  if  it  is  true  that  they  can 
modify  very  much  the  evolution  in  a  relatively  short 
interval  of  time  (the  "Liapounov  time")  and  thus 
contribute  to  the  disparition  of  correlations. 

THE  TRUE  ANSWER 

There  are  several  other  classical  answers,  all  of  them 
unsatisfactory,  but  the  true  answer  is  unexpected;  It  is 
because  a  system  is  "sensible  to  initial  conditions”  and 
because  it  depends  on  billions  of  parameters,  while  we 
measure  only  a  few  of  them,  that  we  ascertain  almost 
no  correlation  between  successive  states  at  large 
intervals  and  that  the  Poincare  return  time  is  very 
large,  much  larger  than  the  age  of  Universe. 

We  thus  reach  the  practical  irreversibility  of  our 
experiments  in  spite  of  reversible  physical  laws. 

The  following,  extremely  simplified  model  with  only 
didactic  purposes,  will  help  to  understand  this  answer. 

Notice  that  this  model  satisfies  practically  the 
Boltzmann  hypothesis  of  "molecular  chaos”  (no 
correlation  between  successive  variations)  but  reaches 
opposite  conclusions:  the  molecular  chaos  doesn't  forbid 
the  Poincare  return. 


A  SIMPLIFIED  MODEL 

Let  us  consider  one  billion  billion  of  molecules  (that  is 
pl8  molecules  with  the  notations  of  the  above  list  of 
symbols).  This  number  is  the  number  of  molecules  in 
37  mm^  of  air  in  "normal  conditions",  which  is  a  very 
small  volume,  and  in  most  experiments  the  effects  will 
be  even  greater. 

These  pl8  molecules  will  be  put  in  the  two  identical 
vessels  A  and  B  and  will  be  numbered  from  1  to  pl8. 


The  evolution  of  our  simplified  model  will  be  the 
following;  at  each  step  an  integer  number  between  1 
and  pl8  will  be  will  be  chosen  and  the  corresponding 
molecule  will  be  transferred  from  its  present  vessel  to 
the  other  one. 

We  will  assume  that  the  rate  of  these  exchanges  will  be 
one  million  billion  (that  is  pl5)  per  second. 


A.2.  Since  there  are  pi. 5  choices  and  exchanges  per 
second: 


(7)  f  P.M(t)  =  1  bar  +  exp 


-t 

500 


0.4  bar 


with  t  expressed  in  oeconds 


We  will  measure  only  the  numbe''  of  molecules  in 
the  two  vessels  A  and  B,  t.e.  the  local  pressure.  We  will 
for  instance  start  with  70%  of  molecules  in  A  and  30% 
in  B. 

With  an  average  pressure  of  one  bar  the  corresponding 
initial  pressures  will  be: 


Thus  for  t  =  500  s  we  obtain  =  1.1471  bar  and  for 
t  =  1000  s  =  16  mn  40  s  we  obtain  P^y  =  1.0541  bar, 
the  average  value  P^^,  of  the  pressure  P.,  converges 
exponentially  towards  one  bar. 

B)  Evolution  of  the  variance  V(t) 


(1)  P^(0)=1.4bar;  Pj,(0)  =  0.6  bar 

What  will  be  the  evolution? 

EVOLUTION  OF  THE  PRESSURES  Pa  and  Pn 

This  problem  has  an  obvious  integral  of  motion,  the 
total  number  of  molecules  is  constant  and  thus  at  any 
time: 


This  evolution  is  of  course  more  complex  than  that  of 
Pi^„(t)  but  remains  simple. 

B.l.  From  the  Rib  choice  to  the  (k  +  1  )tb  choice: 

(l-4nl8)\\  + 

+  4n36.Il-(P,„,-I)-l 


(2)  P^(t)  +  P„(t)  =  P,,,(0)  +  Pj^(01  =  2  bars 

An  essential  question  is  the  mode  of  choice  o'  the 
successive  18  digit  integer  numbers. 

A  first  possibility  is  a  purely  random  choice  (this 
hypothesis  corresponds  to  the  "molecular  chaos"  of 
Boltzmann),  but  since  this  first  possibility  leads  to 
several  philosophical  objections  we  will  also  consider 
deterministic  choices  such  as  those  given  by: 

'"I  he  Rth  choice  will  be  given  by  the  decimals  of  rank 
(18k  -  17)  to  18k  of  a  given  real  number  x". 

For  instance  withx  =  n,  that  is; 

(3)  X  =  3.141  592  653  589  793  238  462  643  ... 

♦  he  first  choice  will  be  141  592  653  589  793  238. 

The  purely  random  choice  leads  to  a  simple  analysis. 

A)  Average  evolution 

Because  of  (2)  it  is  sufficient  to  consider  the  evolution  of 
P^(t).  This  evolution  is  governed  by  the  following: 

"At  each  step  we  have  the  probability  P,/2  of  a 
variation  6P^  =  -2nl8  and  the  probability  1  -  (P^/2)  of  a 
variation  6P^=  +  2nl8"  (the  pressures  P,^  and  6P,^  are 
expressed  in  bars  and,  according  to  the  above  list  of 
symbols,  2nl8  means  2x  10  *"). 

Hence  the  average  evolution  P,^„(t)  is  given  by: 

A. I.  From  the  kih  choice  to  the  (k  +  1  )ib choice: 

^’aM,  k  f  I  ~  ^AM.k  ''  2nl8 

that  is: 

(5)  P,„,,,,-l  =(P,„,-l)(l-2nl8) 
and  thus: 

(6)  P,M,,-1  -(P,„,„-l)(l-2nl8)‘  = 


B2.  With  (6)  and  with  Vq  :=  0  we  obtain; 

(9)  Vk  =  |nl8.(l-(l-4nl8)'‘i- 
-0.16((l-2nl8)-''‘-(l  -4nl8)'‘}lbar- 

B3.  In  terms  of  the  time  t  (expressed  in  seconds)  the 
exact  expression  (9)  gives  almost: 

(10)  V(t)  =  (l -(1  +0.00064  U.exp  }.n  18bar- 

'  250  ' 


Thus  the  evolution  of  the  variance  V(t)  is  monotonic,  it 
increases  from  0  to  nl8  bar^  and  at  t=  1000s  it  is 
already  at  97%  of  its  final  value. 

The  main  result  is  that  the  variance  Vlt)  remains 
forever  very  small. 

The  standard  deviation  o(t),  the  square  root  of  the 
variance,  will  also  remain  forever  very  small,  its 
maximum  is  n9  bar  that  is  one  billionth  of  a  bar  or  one 
deci-millipascal  (one  pascal  =  1  Pa  =  lN/m-'=  n5  bar). 

If  we  measure  the  pressure  with  the  accuracy  of  one 
millipascal,  i.e.,  ten  standard  deviations,  we  will  notice 
from  tiuic  to  time  a  fluctuation  with  respect  to  the 
average  evolution.  The  average  frequency  of  these 
fluctuations  is  about  one  per  two  years. 

If  we  measure  the  pressure  with  the  accuracy  of  five 
millipascals,  i.e.,  fifty  standard  deviations,  we  will  have 
the  probability  n200  (that  is  10  '“'’)  to  meet  a 
fluctuation  before  the  time  t  =  4,625p329  seconds  that 
is  t  =  l.465p322  years  ...  We  will  never  meet  such  a 
"large"  fluctuation  of  five  millipascals  and  the 
evolution  appears  as  irreversible. 

In  these  conditions  the  return  time  of  Poincard  is  purely 
theoretical,  but  it  can  be  computed.  The  a  priori 
probability  of  P^  s  1.4  bar  is  10“  with  M  =  3.57350pl6, 
this  of  course  an  extremely  small  but  non-zero 
probability. 


=  (1  -2nl8)'‘  yO.4  bar 


If  we  neglect  events  with  a  probability  of  n200  (which 
corresponds  to  the  "threshold  of  certainty  of  observable 
Universe")  we  can  write  that  the  first  return  of 
Poincare  at  ^  1.4  bar  wilt  occur  after  exchanges 
with; 

(11)  1/2  X  10‘“-2W)  s  5  10“.5x2Ln(10'^“) 

Hence  the  first  return  ^‘"Poincare  will  occur  after  lOQ 
seconds  with: 

(12)  3.57349pl6  sQ  s3.57351pl6 


These  results  torcopond  to  the  random  choice  of 
successive  exchanges  and  we  have  also  to  consider  the 
cases  of  deterministic  choices  as  explicited  with 
equation  (3).  The  computations  (4)  -  (12)  give  then  that 
the  values  of  x  that  satisfy  U  s  x  s  1  and  that  doesn't 
satisfy  (12)  have  a  totrl  measure  smaller  than  n200. 
This  set  of  values  is  then  completely  negligible  even  if 
many  remarkable  values  of  x  (such  as  x  =  f  5)  belong 
to  that  very  small  set. 

CONCLUSION 

The  irreversibility  of  the  second  principle  of 
thermodynamics  agree  fully  with  our  experiments  and 
our  measures  that  are  by  far  neither  long  nor  numerous 
enough  to  lead  to  a  contradiction.  However  some  very 
small  temporary  fluctuations  appear  from  time  to  time 
in  very  accurate  experiments. 

Thus  the  paradox  of  reversible  physical  laws  associated 
with  irreversible  phenomena  can  be  explained  without 
"perfect  isolation'\  "hidden  correlations"  and/or  "small 
hidden  irreversibilities".  The  main  reason  of 
irreversibility  is  the  very  large  number  of  parameters 
of  irreversible  systems. 

The  Boltzmann's  hypot.itsis  of  "molecular  chaos”  is 
excellent  and  allows  very  accurate  computations.  The 
correlations  will  not  increase  slowly  and  insidiously 
after  a  very  long  time  and  we  can  almost  write  that  ihe 
return  of  Poincare  occurs  by  chance  which  usually 
requires  such  a  large  delay,  much  larger  than  the  age  of 
Universe,  that  the  corresponding  decrease  of  entropy 
never  appears  in  our  experiments. 


The  return  time  of  Poincari  is  exponentially  related  to 
the  number  of  independent  parameters  of  the  system  of 
interest  and  we  can  thus  write: 

"If  after  the  usual  mathematical  simplincation 
(integral  of  motions,  decomposability,  etc.)  a  system: 

A)  remains  with  N  independent  parameters  where 
N>  10000. 

B)  is  sensible  to  the  initial  conditions  (chaotic 
system). 

Then  its  evolution  will  physically  appear  as  irre¬ 
versible  for  measures  of  accuracy  worse  than  (50/  \/N) 
even  if  its  laws  are  mathematically  reversible  and 
conservative." 
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1.  RESUME 

Le  mouvemcnl  d’un  avion  pent  etre  d6crit  de  maniSre 
rigoureusc  par  unc  ensemble  d’6quations  dlffdrcntielles 
non  lincaires,  dependant  de  paramdtres,  liant  les 
variables  d’dtal  (incidence,  ddrapage,  viiesse  ...)  el  Ics 
variables  dc  commandes  (braqiiage  dcs  gouvernes)  par 
riiuermediaire  dcs  dquations  de  la  indcanigue  du  vol, 
du  modclc  adrodynamique  ct  du  systeme  ac  controle 
du  vol.  La  communication  evoque  ics  iravaux  rdalisds 
en  France  el  h  I’Etranger  cn  vue  d’amdliorer  la  com¬ 
prehension  el  de  prddire  avec  precision  le  cqmpqrte- 
ment  de  I’avion  dans  des  situalions  de  yol  parliculidres 
pour  Icsquclles  I’analyse  lindarisde  habiuiclle  dcs  dqua- 
tions  differentiellcs  esl  insuffisanie  ou  inadaplde. 

2.  ABSTRACT 

In  a  rigorous  manner,  aircraft  molion  can  be  described 
by  a  sel  of  nonlinear  differenlial  equalions,  depending 
of  parameters,  associating  the  state  vector  (angle  of 
attack,  sideslip  angle,  speed  ...)  with  the  control  vector 
(motivators)  tnrough  flight  dynamics  equations,  aerody¬ 
namic  aircraft  model  and  flight  control  system.  The 
communication  presents  some  works  which  aim  at  a 
better  understanding  and  at  the  precise  prediction  of 
aircraft  behaviour  in  parlicular  flight  phases  for  which 
classical  linearized  analysis  of  differential  equations  is 
insufficient  or  not  valid. 

3.  INTRODUCTION 

lx  mouvement  d’un  avion  peui  I’lrc  cftvrit  de  rnanicre 
rigoiireuse  par  unc  ensemble  d’dquations  diffdrcnticlles 
non  lincaires,  diSpcndant  dc  pciametres,  liant  les 
variables  d’lilal  (incidence,  ddrapage,  vilcssc  ...)  cl  Ics 
variable.s  de  commandes  (braquage  des  gouvernes)  par 
I'intermcdiaire  dcs  Equations  de  la  mfeanigue  du  vol, 
du  modclc  acrodynamique  ct  du  systcime  etc  controle 
du  vol. 

I>cpui,s  Ic  df  but  dc  I'aviation,  dc  nonibrcux  ( hcrchcurs 
se  sont  attaches  if  expliquer  certains  phcnonicncs  de  la 
dynamique  du  vol  cn  appliquant,  (Ic  f;i(,(in  analytique, 
des  mitliodes  d’analysc  non  Iin6airc.s  dc  la  slabifitt  sur 
dcs  systemes  d’6(malions  dc  dime  nsion  rlJduitc.  IndC- 
nciulammcnt  de  Pintfrcl  dc  ccs  approclies  pour  aider 
'i  la  comprehension  dcs  phenomcncs,  Ics  hypotheses 
implific  africcs  adoptees  nuisciit  souvent  a  la  qtialiie  du 
re.sultal. 

Plus  reccu’dicnt,  divers  auteurs  onl  mis  cn  oeuvre  une 
meihodc  aiimenque  globalc  d’analysc  dc  la  .stabiliic 
fondie  sur  ie  principe  de  la  resolution  d’eguations 
algdbriqucs  non  lindaires  dependant  de  paranictrcs  au 
moycn  d’un  proce.ssus  dc  continuation  associd  4  la 
iheoric  dc.s  biTurcations. 

f-a  communication  dvoque  Ics  travaux  realisd.s  cn 
France  et  ^  I’F.trancer  en  vue  d’amcliorer  la  com¬ 
prehension  ct  de  prWire  avec  precision  Ic  cqmporte- 
ment  de  I’avion  clans  des  situations  dc  yol  pariiculiercs 
pour  Icsciuclles  I’analyse  linearisec  habit  ucllc  dc.s  equa¬ 
tions  differentiellcs  cst  insuffisanie  ou  inadapiee. 

Apre.s  avoir  rappcie  brievcmcnl  les  Iravaux  antericurs 
fondes  sur  dcs  analyse  .simplifiec.s  dc  la  sfabiliie,  Ics 


a.spccts  Iheoriques  de  la  demarche  mcthodo'ogique 
acloplcc  ici  et  les  elements  de  la  iheorie  dcs  bifurcations 
indispcnsablcs  i  la  comprehension  dcs  phenomenes 
rencontres  dans  son  appfication  a  la  dynamique  du  vol 
sont  presentes. 

II  s’agira  tout  d’abord  de  retrouver  les  limites  usuelles 
de  stabiiiie  de  i’avion  nature!  en  montrant,  au  passage, 
qu’clics  sont  des  approximations  des  bifurcations  du 
systeme  complet.  A  cetle  occasion,  on  monlrcra  que  la 
methodologie  cst  apte  h  predire  le  comporicment  du 
oysteme  complet  au  dcia  de  ces  limites  de  stabilite;  la 
vrille  et  le  couplage  incrticl  cn  seront  des  e.vcmplcs. 

Puis,  la  Correlation  avec  des  cssais  en  vol  obtcniic  dans 
le  cadre  d’une  operation  realisde  ^  I’O.NERA  en 
collaboration  avec  Dassault  Aviation  et  le  CEV  viendra 
confirmer  les  predictions  enoncies  plus  haul. 

Ensuite,  I'influence  des  commandes  de  vol  ct  dc  ses 
non-linearites  sera  abordee  par  le  biais  d'tine  bieve 
^nthe.se  bibliographique  et  dcs  travaux  mencs  ^  I'ONE- 
RA.  11  sera  alors  montrd  que  la  methodologie  globalc 
d’analysc  des  systemes  est,  dans  unc  ccriaine  measure,  ct 
meme  de  fouriiir  dcs  elements  de  rdponse. 

Enfin,en  relation  avee  Ics  problomes  poses  par  les  ncin- 
lincantes  dans  les  commandes  de  vol,  guelques  remar- 
gues  sur  les  methodcs  modcrncs  dc  d(;t.;rrnination  du 
oomainc  d’attraction  d'un  point  d’ecpiilib.c  .stable  d’un 
.systeme  dlffcrentiel  non  lindaire  vicndrt.nt  conclurc 
e’ette  conimuiiication.  Sur  ce  dernier  point,  dc.-  'csultats 
obtenus  A  rONERA  et  dans  la  iilieraturc  seront  presen- 
tes. 

4.  ANALYSE  NON  LINEAIRE  SIMPLIFIEE  DU 
COMPORI  EMENT  DE  L’AVION 

I.a  prediction  ct  I’analvse  dcs  pertes  de  contcolc  ct  des 
vrilfcs  sont  des  pioblemes  anciens  qui  rcnnmient  au 
debut  de  i'aviation.  Cependant,  faute  dc  nioycns  nume- 
riques  adequats,  lc.s  chcrchcurs  ont  etudie  ces  pri'blc- 
mes  cn  les  simplifiant  suffisanimenl  pour,  ensuite, 
pi-uvoir  utiliser  I’arscnal  des  methodcs  analyliques, 
cxactes  ou  approximat’  'cs,  d’analyse  d’cc  lalidns  non 
lincaires. 

Paimi  les  prccur.seurs,  il  ci'nvient  dc  citer  les  travaux  de 
Phillips  (l]  sur  le  couplage  incrticl  dont  la  difficulte 
reside  dams  la  prise  en  comptc  dcs  couples  gyroscopi- 
(lucs  dans  les  equation^  du  mouvement.  En  negligeani 
la  pc.saiitcur  cl  en  ne  (  *i!  aderani  quo  les  equations  dc 
mouvemcnl,  il  a  pu  degager  tin  critere  ac  stabilild 
encore  ulili,se  dc  nos  jours.  Repris  et  etendus  par 
Pinsker  1?),  ccs  travaux  sont  dc-crils  cn  detail  dans  f3]. 

A  incidence  plus  eicvrc,  les  phenoni  nes  qui  ajtptirais- 
sent  sont  generalcmcnl  associees  A  dcs  insi  ibilites  de 
nature  aerodynamique.  Ms  cn  resulic  dcs  jicrtcs  dc 
.stabilite  s  ir  les  mouvements  longitudmaux  cl  transver- 
saux  ou  sur  les  deux  cn  mcme  temps  [4).  Panni  cciix  ci, 
I’instabiliie  dc  roscillation  dc  derapage  a  ete  I’objcl  de 
Ire.s  nombreuscs  communications  dont  (5,6]  dans 
Icsquclles  les  non-linearites  aerodynamiques  sont 
introduilcs  dans  les  ecju.ithfns  .sont  la  forme  dc  non- 


linear  it  cs  pcilynoniiales. 

A  grainic  incidence,  la  vrille  calnie  a  rapidement  6t6 
idcntifide  comnie  un  6tat  d’^quilibrc  du  systftme  com- 
plet.  Ccs  etudes  avaient  montr6  c]ue  la  vrille  etail  un 
nunivenicnt  sui  unc  heiice  d'axe  vertical  pendant  Icquel 
la  poiiancc  et  la  Ivainec  equilibrent  respectivemeni  la 
force  centrifuge  ct  le  poids,  Cepend.  .it,  inalgrd  Tappa- 
rition  dc  rnoyens  de  calcul  puissams  [7],  ct  la  siinilaritt 
entre  le  nunivcnient  d’Fuler-Poisot  et  la  vrille  de 
certains  acions  de  combat  [81  Ics  regimes  dc  vxille 
agitec  eiaicnt  encore  consideres  comnie  dependre  en 
gr.uide  partie  du  hasard. 

Fn  marge  dc  ccs  travaux  consacres  individucllement  a 
I'itude  d'un  seul  phdnomdne,  Schy  et  Hannah  [9,10| 
ont  montrif  IFxistcnce  c!c  solutions  niultiplcs  au  pro- 
blt^nie  de  la  (Jttermination  dc  I’cquilibrc  du  ^steme 
non  lincaiic  reprifscntant  des  dquations  simplifidcs  dc 
la  mecanique  efu  vob  certaincs  solutions  dtant  stables, 
les  autres  mstablcs.  Ces  derniers  travaux  sont  3  la  base 
de  la  mcihode  d’analyse  globale  prdscntdc  dans  cette 
communication. 

5.  MKTHODE  (ILOBALE  D’ANALYSE  NON  Ll- 
NEAIRE  DU  COMPORTEMENT 

Dcs  analyses  simplifidcs,  gdndralemcnt  analytiques.  sur 
un  modelc  rdduit  sont  souvent  suffisanies  pour  aicier  a 
la  comprdhension  dc  certains  phdnomenes  non  lindai- 
res.  Cciicndant,  pour  etre  appliqudes,  ccs  techniques 
ndccssitcnt  dcs  hypothdscs  simplificatriccs  sur  le 
raoddlc  qui  nc  sont  pas  toujours  facilcs  a  fairc  a  priori 
ou/'et  qui  nc  sont  pas  souhaitdes. 

En  vue  dc  lever  Ics  hvpothdses  simplificatriccs  et 
d’accroitre  la  prdcision  dc  I’analyse  des  phenomdnes, 
line  nouvelle  approche  a  did  ddvcloppee. 

5.1  Methodolngie 

La  mclhociologic  globale  d’analyse  du  comportement 
est  fondee  sur"  I’analyse  des  d'ats  asymptoticiucs  des 
systdmes  d'dqualions  diffdrenticllcs  non  lindaircs 
jutonomes,  ddpendant  de  paranietres  et  exprimds  sous 
la  forme: 

(1) 

dt 


dans  laqucllc: 

-  X  :  vecteur  d’dtat  dc  dimension  n, 

-  U  :  vecteur  de  paramdtres  de  dimension  m 

-  F  :  n  fonctions  non  lindaircs  dc  X  et  U. 

Par  opposition  aux  systdmes  diffdrentiels  lindaircs,  un 
ensemble  d'dc^uations  diffdrentielles  non  lindaircs  peut 
presenter  plusicurs  dtats  asymptotiques  cliffdrents  pour 
une  combmaison  donndc  (t^g)  des  par.imdtrcs. 

Dans  les  eas  les  plus  simples,  notamment  ceux  rcncon- 
trds  au  eours  dcs  applications  d  la  dynamique  du  vol 
dcs  avions,  les  dtats  asymptoliciuc.s  correspondent 
gdndralemcnt  aux  solutions  dc  rdtjuation  algdbriquc 
non  lindaire: 

(2)  F(X,(/o)-0 


lorsque  Ic  systdme  est  immobile  ou  aux  solutions  dc 
l'd(|uation  : 

T 

X(T)  X(0)*lF(.X.tJ^ 

0 


dans  le  (  as  d’orbilcs  pdriodiqucs  (cycles  limites)  dont 
il  convient  de  noler  (pie  la  pdriode  (T)  est  a  priori 


inconnuc  puisque  le  systdme  considdrd  es(  .supposd 
autonome. 

Lorsque  I’analyse  lindarisde  des  petits  mouveircnis 
autour  de  ccs  dials  asymptotiques  a  un  sens,  la  raraetd- 
ri.sation  de  leur  siabilitc  est  donnde  [lar  un  calcul  dc 
valours  propres. 

La  stabilitd  des  dtats  d’dquilibres  "ponctuels  (2i,  est 
assurde  si  toutes  les  valeurs  propres  clu  systdme  linc.irisd 
sont  a  partie  rcelle  ndgative.  Pour  les  orbites  pdriodi¬ 
qucs  (i),  la  thdorie  dc  rloquet  indique  que  la  stabilitd 
est  assurde  si  toutes  Ics  valeurs  propres  dc  la  matrice  de 
transition  (sauf  une)  ont  un  module  infdrieur  ^  1;  la 
dernidre  saicur  propre  de  la  matrice  de  transition  a  s.m 
module  dgal  a  Tunitd  pour  assurer  la  pdriodicitd  du 
mouvement. 

Lorsque  I’analyse  lindarisde  dcs  petits  mouvements  est 
insuffisanic  (limites  dc  stabilitd)  la  thdorie  dcs  bifurca¬ 
tions  permet  de  conclure  sur  la  stabilitd  de  I’dtat 
asymptotique  considdrd  et  sur  la  modification  du 
comportement  asymptotique  global  du  systeme  S('us 
I’effet  de  la  variation  du  paraindtre. 

Appnrt  de  la  thdorie  des  bifurcations 
La  tneorie  des  bifurcations  est  constitude  par  un 
en.semble  de  rdsultats  mathdmatiques  qui  visent  A 
analyser  el  expliquer  des  changements  clu  comporte¬ 
ment  asymptotique  d’un  systeme  diffcrenliel  rion  lindaire 
quand  les  paramdtres  varient  de  fagon  quasistaliqiic. 

Bien  entendu,  il  n’est  pas  dans  I’esprit  de  cette  commu¬ 
nication  de  se  substitucr  aux  ouvrages  spdcialisds 
iraitant  du  sujel  11 1,12,13].  Cependant,  u  parait  oppor- 
tun  d’en  rappeler  quelques  aspects  qui  recouvrent 
quas'meni  tous  les  phenomdnes  rcnconlrds  au  eours  de 
son  application  particulidre  a  la  dynamique  du  vol. 

.5.2 1  Bifurcations  dcs  points  d’eqidlibrc 
Les  phenomdnes  rcncontrds  le  plus  couramment  avec 
des  points  d'dquilibre  apparaissent  lorsqu’une  valeur 
propre  rdellc  ((i)ndgative  deviimt  positive  sous  I’effet 
d’une  variation  du  paramdtre  Deux  cas  peuveni  alors  se 
produire. 

Si  le  point  d’dquilibre  est  rdgulier,  le  thdoreme  des 
f4.>ncti()ns  implicites  est  applicable  et  un  point  de 
retournement  apparait  (figure  1).  Cc  point  est  structu- 
rellcment  stable  vis  S  vis  dc  perturbations  du  systdme 
diffcrentiel. 


Figure  1  ;  Point  de  retournement. 

—  dquilibres  stables,  -  -  -  dquilibres  instablcs 


Si  le  point  d’dquilibre  est  singulicr,  de  nouvclles  bran¬ 
ches  (I’dquilibrcs  apparaissent.  Suivant  les  parlicularilds 
du  systdme,  le  point  dc  bifurcation  peut  etre  un  point 
fronce  ou  un  point  de  bifuication/retourncment  (figure 
2).  Ccs  points  de  bifurcation  sont  slruclurcllcmcnt 
instablcs  vis  cl  vis  dcs  perturbations  du  systdme  et  ils  se 
iransforment  gdndralemcnt  en  point  de  retournement 
1 13).  En  dynamique  du  vol,  compte  tenu  du  systdme 
d’dqualions  el  dcs  nu'ddles  d’avions  adoplds  jusqu’S 
prdsent,  ccs  points  dc  bifurcation  particuliers  appa- 
raisscnl  sciili  meni  quand  les  dquali.ais  diffcrcnticllcs 


'! 

I 


6tudi6es  sont  symdtriques. 


Figure  2  :  Points  de  bifurcation,  (a)  rctourncnicnt/bi- 
furcation;  (b)  bifurcation  fourchette. 

- dquilibres  stables, - dquilibrcs  instables 

Un  autre  point  de  bifurcation  souvent  observd  est  la 
bifurcation  de  Hopf.  Elle  survient  quand  une  paire  de 
valeurs  propres  complexes  conjuguees  (ti-,.j)a  sa  partie 
rdelle  qiii  dcvient  positive  lorsque  le  parametrc  du 
systdme  varie.  Au  voisinage  de  ce  point  (corrcspondant 
a  une  paire  de  valeurs  propres  imaginaires  pures),  des 
orbites  periodiques  apparaissent. 

Suivant  Ics  caracldristiques  du  systdmc,  la  bifurcation 

Bourra  ctre  supercritique  ou  subcritique  (figure  3). 

lans  le  premier  cas,  I’orbite  pdriodiquc  csl  stable  ct  de 
petite  amplitude.  Dans  Ic  second  caSj  I’orbite  situde  au 
voisinage  du  point  de  bifurcation  est  instable  cl  I’orbiie 
stable  du  systdme,  si  clle  existe  pour  celie  valcur 
pajticulidre  du  paramdtre,  est  de  grande  amplitude 
meme  pour  une  faible  variation  du  paramdtre  autour 
du  point  de  Hopf. 


Figure  3  ;  Bifurcation  dc  Hopf,  (a)  subcritique;  (b) 
supcrcritique. 

- dquiiibres  stables,  -  -  -  equilibres  instablc.s, 

-()-()-  cnvcloppe  des  orbites  pdriodiques 

X2.2  Bifurcations  des  orbites  pcrio.liaiies 
C'onimc  nous  venons  dc  I'cntrcvoir  plus  haut,  le  dernier 
cas  trds  intdressant  de  bifurcations  rcnconirdes  cn 
dynamique  du  vol  correspond  A  la  pertc  de  slabilitd  des 
orbites  pdriodiques  (figure  4). 

Parmi  loutes  Ics  causes  possibles  d'ln.stabilild,  irois 
sont  usucllenient  rcnconirccs. 

a.  Unc  valcur  propre  rdelle  traverse  le  point  +1. 
Dans  cc  cas,  la  perte  dc  stabilitd  de  I’orbitc  sc 
traduit  par  rapparition  d’une  orbite  de  rctournc- 
ment  analogue  au  point  dc  rciourncment  des 
surfaces  d’dquilibre. 

b.  Fine  valcur  propre  rdcllc  traverse  le  point  -1.  Alors 
une  bifurcation  de  doublemeni  de  pdriodc  survient. 
Au  voisinage  I’orbite  pdriodique  iniiialemcnt  stable 
et  de  pdriode  T  appnrait  unc  nouvcllc  orbite 
gdndralcmcnt  stable  de  pdriodc  2T.  Gdndralemcnt 
cette  bifurcation  est  accompagnde  par  d'aulres 
semblables  (cascade  de  Feigenbaum)  cl  conduit  i 
I’apparifion  d’un  mouvement  chaotique. 

c  Deux  valeurs  propres  imaginaires  conjugudes 
(piittcnl  le  ccrcle  dc  rayon  unitd.  Au  delS  oc  ccltc 
bifurcaliiin  Ic  mi  uvement  du  syslcme  dCerit  une 


surface  toroidale  qui  enloure  I’orbile  pdriodique 
devenue  instable. 


Figure  4  :  Bifurcations  des  orbites  pdriodiques. 
- orbites  stables,  -  ■  -  orbites  instables 


5-2.3  Caraclirisation  de  la  stabiliii  des  limites  de  stabilile 
La  stal’ijtd  des  points  de  relournemcnt  el  de  bifurca¬ 
tion  ne  peut  pas  elre  fournie  par  I’analyse  lindarisee 
classique. 

L’approche  prdconisde  par  la  theorie  des  bifurcations 
est  fondde  sur  Thypothese  selon  laquclle  tous  les  modes 
amortis  (a.ssocies  a  des  valeurs  propres  a  partie  reclle 
ndgative)  du  systdme  disparaissent  peu  de  temps  apres 
que  I’dtat  d’dquilibre  ait  eie  perturbe.  Alors,  la  methode 
[Jl]  consiste  a  effectucr  un  developpement  non  lincaire 
de  la  projection  du  mouvement  du  sysidmc  dans  I’cs- 
pacc  engendrd  par  le(s)  vecteur(s)  proprefs)  associc(s) 
a  la  (au\)  valcur(s)  pr(ipre(s)  a  partie  rdelle  nulle. 

Pour  un  point  d’equilibre  avee  une  valeur  propre  nulie, 
la  methode  pcrmcl  dc  caracteriser  sa  slahiute  et  de 
fournir  unc  indication  par  le  temps  mis  par  une  pertur¬ 
bation  pour  doubler  ou  elre  divisd  par  deux.  A  notcr 
que  contrairement  au  cas  d’un  point  d’equilibre  d’lin 
systemc  lincaire,  ce  temps  est  proporlionnel  a  la  valcur 
iniliale  dc  la  perturbation. 

Pour  un  point  de  bifurcation  dc  Hopf,  il  est  possible  de 
eonchirc  sur  le  caraeterc  suberilique  ou  supercriliiiue 
dc  la  bifurcation  suiv.mt  que  Ic  point  considdrd  est 
rcspcctivemeni  instable  ou  stable. 

Tous  CCS  calculs  ndccssiteni  unc  formulation  analytiqiie 
du  sysidmc.  Cependant,  movennant  unc  approxirhation 
non  lindaire  nunidriqiic  du  systdme  diTlerenticl  au 
voisinage  du  point  dludie^  la  ddniarehc  prdcddcnic  peut 
clrc  aulomatisde  ct  fournir  enetire  des  rdsiiltals  intcrcs- 
sants  [14). 

5.2.4  Remarque  sur  les  mauyemcttts  cbaoiiques 
Mi.scs  ^  part  quelques  cxndricnccs  numdriques,  I’analyse 
fine  des  mouvements  enaoliques  n’est  pas  incorpurde 
dans  la  mdthodologie  pr .  sentdc  ici.  Une  des  raisons  de 
ce  choix  est  que,  dans  la  pratique,  Ic  temps  d’observa- 
lion  de  mouvements  eomplexes  de  I’avion  (vrille  par 
cxi  mple)  est  trop  limiid  pour  pouvoir  observer  le 
coMportement  asymptotique  el  I’analyser  compidtement. 

Cependant,  aprds  cettc  remarque,  il  ne  faudrait  pas 
conclure  halivement  sur  I'inutiiitd  de  I’analyse  de  ccs 
comportements.  En  effet,  si  I’on  abordc  I’idcntificaiion 
dc  certains  paranietrcs  du  systdme  4  parfir  d’essais 
rdcls,  il  est  alors  indispensable  dc  pouvoir  dissocicr  un 


A. 


1(1-4 


comportemenl  ressemblant  a  un  mouvement  p6rio(ii- 
que,  pendant  le  temps  d’observation  du  sysltJme,  d’un 
mouvement  chaotique.  Dans  Ic  premier  cas  le  mod61e 
restitu6  fournira  touiours  une  reponse  avant  la  meme 
allure  alors  que,  dans  la  deuxidme  nypoth^se,  la 
diipendance  vis  a  vis  des  conditions  initiates  sera  peul 
ctre  S  m(:mc  d’expliquer  des  rcsultats  d’essais  tres 
diff(5reiHs  bien  que  les  conditions  initiales  soient  trds 
voisines. 

5  J  Proctidure  num€rique  d^veloppce  a  I’ONKRA 

Lc  calcul  de  tous  les  ctats  asymptotiques  mentionnes 
dans  le  paraeraphe  precedent  est  realist  par  un  code 
numc^rique  deveiopp6  k  I’ONERA.  Ce  coefe  utilise  line 
mCthodc  de  continuation  initialcmcnl  proposde  par 
Kubicek  [li^let  modifide  par,  entre  autres,  les  contriou- 
tions  de  Keller  [15]  et  Kernevez  [16]. 

Partant  d’une  approximation  initiale  d’un  etat  asympto- 
tique,  pour  une  combinaison  donnde  des  paramdlrcs  du 
systdme,  le  code  ddtermine  la  courbe  X(^U)  solution 
(f’un  ensemble  d’dquations  algdbriques  non  lineaires  qui 
ddpend  du  cas  de  calcul  rdalise. 

a.  point  d’dquilibre; 

F(X,U)=0 


b.  point  de  retournement: 

F(X,U)=0 

p=0 

c.  point  de  Hopf; 

F(X,t/)=0 
\i^^  =  ±2inlT 


sysleme  rdel  par  le  systeme  diffdrcntiel  diudid. 

6.  ANALYSE  NON  LINEAIRE  GLOBALE  DU  COM- 
PORTEMENT  DE  L’AVION  N.4TUREL 

L’diude  de  la  dynamique  du  yol  classique  repose 
cssentiellcment  sur  I’analyse  lindarisde  des  equations  dc 
la  mdcanique  du  vol.  Sans  revenir  sur  son  intiirct 
didactique,  il  convient  de  noter  que  cette  vision  sinipli- 
fiee  des  equations  ne  permet  pas  de  montrer  la  genesc 
des  pertes  de  stabilite  et  de  mettre  en  dvidence  des 
phenomdnes  complexes. 

En  s’appuyant  sur  des  cxcmplcs  simples  et  d’aulres  plus 
complexes,  il  est  proposd  dc  montrer  I’apport  dc  cette 
mdtnodologie  dans  la  comprehension  du  comportement 
ualitatif  cie  I’avion  naturel  pour  lequel  les  braquages 
es  gouvernes  adrodynamiques  font  panic  des  parame- 
tres  de  I’equation  (1). 

6.1  Equations  du  mouvement  et  classification  des  non- 
lindaritds 

Les  dq^uations  classiqiies  du  mouvement  d’un  avion 
rigide  dans  I’espace  sont  constitudes: 

-  des  dquations  de  momenl  (en  supposant  ici  que 
les  proiauits  d’inertic  D  et  F  sont  nuts) 

Ap-Er*(C-B)qr-Epq=L‘**L'' 

Bq+(A-C)rp*E(r^-p^)=M'**M^ 

Cf-Ep*iB-A)pq*ETq=N''*N‘" 

-  des  dquations  de  force 

m(u*qw-ry)=X^  *Fji-mgsm& 
m(t>  *ru  -pw)  =  +Fy+/ngcos0sin(t> 
m(\v*pv-qu)=Z'**F2*ngcosQcos^ 


d.  orbite  periodique; 

r 

Xa)=X(.0)*jF{X.U)dt 

0 


-  auxquclles  sont  adjointes  deux  dquations  cindmati- 
ques 


4>  =p +tan0(qsin(ti  +  '■cos(|)) 
0=9cos(J)-rsin(j> 


Les  fonctions  non  lindaires  considdrdes  ici  sont  suppo- 
sdes  continues  et  ddrivables  jusqu’a  un  ordre  suffisam- 
ment  dleyd  pour  ne  pas  mettre  en  ddfaut  le  principe  dc 
la  description  globale  dcs  courbes  d’dquilibre  par 
continuation.  Pratlquement,  suivant  lc  type  de  calcul 
envisagd  et  sous  rdserve  que  les  fonctions  non  lindaires 
ne  varicnt  pas  brusquement  en  function  de  I’dtat  et  des 
paramdtres,  on  ob.serve  qu’il  e.st  possible  de  diminucr 
les  conditions  sur  la  dd^rivabilite  des  fonctions  sans 
courir  le  risque  de  ddgradcr  notablcmcnt  le  proces.sus 
dc  continuation. 

5.4  Mise  en  oeuvre  de  la  methodologie 
L’applicalion  de  la  mdthodologie  dderite  plus  haut  est 
usuellenient  rdalisde  en  cinq  dtapes  succcssivcs. 

a.  Ddtermination  de  I’enscrablc  des  ctats  as^ptoti- 
ques,  tels  qu’ils  ont  dtd  ddfinis  dans  le  §  5.1,  pour 
toutes  les  combinaisons  ddsirdes  dcs  paramdtres  et 
caraetdrisation  de  Icur  stabilitd. 

b.  Reprdsentation  graphique  des  rdsultats  dans  dcs 
sous  espaces  particuliers  de  dimension  2  ou  3 
(gdndralement  la  dimension  du  vcctcur  d’dlat  est 
trds  supdrieure  d  2). 

c.  Analyse  des  tracds  ^aphiques  et  prddiction  d’dven- 
tuels  phdnomdnes  non  lindaires  sans  recourir  d  de 
nombreuses  simulations  du  systdme. 

d.  Validation  des  prddictions  au  moyen  de  simulations 
numdriques  du  mouvement. 

c,  Eventucllement  correlation  avec  des  c.ssais  rdels  en 
vue  de  discuter  la  validild  dc  la  reprdsentation  du 


dans  lesquclles: 

-  u,  V,  w  ;  compo.santes  de  la  vitesse-air  dans  le 
triddre  avion, 

-  p,  a  r  :  composantes  du  vecteur  rotation  instanla- 
nee  (Jans  le  tnedre  avion, 

-  0  ;  assictle  longitudinale, 

-  ♦  ;  angle  (Je  gfte, 

-  X  ,  Y^,  Z  :  composantes  de  la  force  aerodyna- 
migue  dans  le  triddre  avion, 

■  .•>)  Fv.  Tz  :  composantes  de  la  pous.sdc  dans  le 
triddre  ^vion, 

-  L  ,  M*,  N*  ;  composantes  du  moment  adrodyna- 
miouc  dans  k  triddre  avion, 

-  L ,  Mq  :  composantes  du  moment  dc  pro¬ 
pulsion  dans  le  triddre  avion. 


Le  vecteur  d’dtat  est  de  dimension  8.  II  est  constitue  de 
la  fa9on  suivante: 


X^=(u,v,wj>,q^,e,4>f 


Le  vecteur  de  paramdtres.  au  moins  dc  dimension  3, 
comprend  les  gouvernes  aerodynamiques  de  I’appareil: 


dans  lequel; 


I(l-s 


-  5|  :  gouverne  de  gauchissemcnt, 

-  8^  :  gouverne  de  profondeur, 

-  8n  :  gouverne  de  direction. 


vcrsales  sent  au  neulre  (  8|  =  8n  =  0),  la  bifurcation 
•spirale  cxisle  pour  des  braquages  non  nul  des  gouvernes 
transversalcs  (figure  6). 


Les  non-lindarit6s  de  ce  .systeme  sont  nombreuses. 
Elies  peuvent  etre  class6es  cn  deux  groupcs. 

l.e  premier  coinprend  cellcs  qui  sont  intrinsfiques  i  la 
formulation  des  dquations  du  mouvement  d’un  solide 
dans  I'cspace  (non-lin6arit6s  trigonomdtriques  et 
inertiellcs). 

Le  deuxidme  groupe  est  constitu6  des  non-lin£arit6s  du 
module  adrod^amique  de  1’ avion  considerd.  II  cqnvient 
cependant  de  faire  une  distinction  entre  les  non-lindari- 
tds  de  courbure  de  certains  coefficients  (Cdq),  C/B), 
etc..)  et  les  non-lindaritds  de  couplage  qui  indukent  des 
relations  entre  les  variables  longituainales  et  les  varia¬ 
bles  latdrales  (C^(B),  C,(oi),  etc..). 

6.2  Analyse  de  phdnomcnes  simples 
L’objet  ae  cette  partie  est  de  montier  que  des  phdno- 
mdnes  simples  de  la  mdcaniqiic  du  vol  peuvent  etre 
analysds  avec  profit  au  moyen  de  la  thdorie  des  bifurca¬ 
tions. 

6.2. 1  Mouvemenc  spiral 

Dans  ce  mouvement  trds  lent  et  k  faible  incidence,  les 
couplages  inertiels  sont  ndgligcables  et  I’adrodynamique 
petit  etre  considdrde  comme  lindaire.  Seules  la  pe.san- 
tcur  et  I’assiette  londitudinale  de  I’appareil  influent  sur 
la  stabilitd  du  mouvement  i  ddrapage  nul. 

Gouvernes  transversalcs  au  neutre,  le  tracd  de  la 
surface  d’dquilibre  montre  que  la  manifestation  de 
I’instabilitd  spirale  coincide  avec  I’apparition  d’une 
bifurcation  fourchette  sur  les  variables  transversalcs  en 
rai.son  dc  la  symdtrie  supposde  de  I’appareil  (17,18).  En 
consdqucnce,  la  surface  d’dquilibre  fournit  les  dtats 
d’dquilibre  stable  que  I’avion  instable  spiral  ira  rejoin- 
dre  (figure  5). 


Figure  5  :  Bifurcation  spirale,  (a)  ,  (b) 

- dquilibres  stables,  -  -  -  dquilibres  insiablcs 

Par  rapport  Ji  la  mdcanique  du  vol  lindarisde,  cette 
analyse  permet  de  predire  le  comporh  inent  du  systdme 
au  ael^  de  I’instabilitd.  Elle  offre  dg.dcment  le  moyen 
dc  mettre  en  evidence  les  non-lindarites  qui  erdent  le 
point  de  bifurcation.  Ainsi,  en  conservant  les  sculs 
termes  non  lindaircs  cssenticls,  le  comportement  dc 
I’avion  peut  se  ramener  4  I’dtudc  d’une  dquation 
diffdrcnficlle  non  lindaire  scalaire  ddrivdc  d’un  champ 
dc  gradient  exprimant  I’dvolution  de  I’assiette  laldrale 
de  rappareil  en  fonction  des  gouvernes  transversalcs 

(6,.  8n): 


Figure  6  :  Surface  de  bifurcation  spirale  dans  le  plan 
gauchisseinent-direction. 


6.2.2  Couplage  inertiel 

Ce  phdnomenc  est  bien  connu  depuis  longtcmps  en 
mdcanique  du  vol  |1,2],  Cependant,  son  analyse  a  la 
lumidre  de  la  thdorie  des  bifurcations  [18-23]  complete 
utilcment  les  analyses  anidrieures. 

En  supprimant  toutes  les  non-lindaritds  des  dquations 
exceptdes  ceiles  relatives  au  couplage  inertiel  et  en 
considdrant  que  la  vitesse  de  roulis  (p)  est  beaucoup 
plus  grande  que  les  vitesses  de  tangage  fq)  et  de  lacet 
(r),  la  prediction  du  comportement  de  rappareil  peut 
encore  sc  ramener  4  I’dtude  d’une  dquation  diffwen- 
tielle  polynomiale  scalaire  liant  la  vitesse  de  roulis  aux 

fouvernes  adrodynamiques,  gdndralement  de  degrd  5, 
drivant  d’un  champ  de  gradient: 

(4) 

*f  (6m)p*(f  dh/^  dn) 


dont  on  montre  qu’elle  se  ramdne  simplement  4  la 
catastrophe  ’’papilfon"  bien  connue  de  la  thdorie  des 
catastrophes  (figure  7). 
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Figure  7  ;  Surface  de  bifurcation  dans  le  plan  gauchis- 
sement  profondeur  (5„  =  0). 


=(A  +0coii(ti)sin<ti 


En  ddpit  de  .sa  simplicild,  cette  formulation  a  le  mdrite 
dc  synthdliser  le  comporlcmenl  global  de  I'appareil  au 
voisinage  dc  I’instabilitd  spirale  et  dc  montrer  que 
mcme  si  I’avion  est  stable  lorsque  les  gouvernes  trans- 


En  outre,  dc  cette  formulation  on  peut  extrairc  un 
critdre  de  stabilitd  du  mouvement  et  dcs  lois  d’intcrcon- 
nexion  entre  les  gouvernes  transvcrsales  qui  dvitent  la 
perte  dc  controlc. 

Ces  lois  sont  issues  directement  de  I’cxamcn  dc  la 
surface  dc  bifurcation  du  systdme  pour  faire  en  sorte 
que  les  combinaisons  dc  commandc  nc  la  franchissent 
pas  (figure  8).  Elies  peuvent  dgalcmcnt  dtre  fournics  en 


10-6 


recourant  aux  propri6t6s  des  polynomes  oui  assurcnt 
l’unicit6  de  la  solution  de  I’cquation  4  [24,^5]. 


i 


Figure  8  ;  Surface  de  bifurcation  dans  le  plan  gauchis- 
scment-direction  et  loi  d^ntcrconnedon  entre  les 
gouvernes  transversales  :  S,  =  <p(5„) 

6.2.3  Inslabiliti  de  I'oscillation  de  dirapage 
Dans  ce  phdnomdne  tr6s  longuement  ddcrit  dans  la 
littdrature,  I’influence  des  non-lin6arit6s  aerodynami- 
ques  est  prdponddrante.  L’instabilitd  correspond 
gdndralement  ^  I’apparition  d’un  point  de  bifurcation 
de  Hopf  [26]  J  partir  duquel  la  mdtnodologie  prdsentde 
prdcdoerament  permet  de  ddcrire  I’cnveloppe  des 
orbites  pdriodiques  du  systdme  [21,27]  sans  aucune 
hypothdse  simpfificatrice  contrairement  aux  mdtbodes 
analytiques  (figure  9). 


Figure  9  •.  Inslabilitd  de  I’oscillation  dc  ddrapage  ct 
env'-.loppe  des  orbites  pdriodiques. 

.Analyse  de  phdnomdnes  plus  complexes 
Aprds  avoir  montrd  bridvement  quc  la  thdorie  des 
bifurcations  avait  la  possibilitd  d’amdliorcr  la  comprd- 
hcnsion  de  ccrtaincs  limites  de  siabilitd  qui  soni 
usuellcment  obtenues  par  des  caleuls  analytiques 
simplifids,  el  de  ddpasser  largcmcnt  les  frontiCres  de  la 
mt^caniquc  du  vo!  Imdarisdc,  cette  partie  se  propose  de 
presenter  les  phdnomdnes  les  plus  complexes  olrscrvds 
sur  les  avions  de  combat  au  moycn  dc  cette  mdthode. 

Le  calcul  par  continuation  dcs  orbites  pdriodiques  et 
de  Icurs  bifurcations  pour  diffdrents  muddles  d’avions 
de  combat  rdvdle  que  certains  compqrtements  trds 
agitds  peuvent  dtre  analysds  avec  la  thdorie  des  bifurca¬ 
tions. 


cas  particulier  dtudid  dans  [21],  I’dvolution  temporelle 
des  variables  se  comporte  comme  la  superposition  des 
deux  mouvements  p^iodiques  trds  differents  (  T,  ^4 
secondes  ct  ~  160  secondes  pour  I’excmple  considd- 
rd).  II  s’eiisuit  done  une  difficultd  potcnlielle  d’inlcrprd- 
tation  d’un  tel  phdnomdne  en  vol  puisque  le  temps 
d’observation  maximal  est  souvent  inferieur  a  la  plus 
grande  pdriode. 


(4i  VWc 
*2 


Figure  10  :  Trace  de  I’dvolution  temporelle  de  variables 
d’dtat  particulidres  sur  un  tore  [21]. 
orbile  pdriodique  instable 


La  seconde  illustration  est  relative  4  la  bifurcation  de 
doubicment  de  pdriode  (figure  11)  qui  peut  notable- 
ment  modifier  le  coniportement  en  vrille  d’un  avion 
pour  de  trds  petites  variations  des  commandos. 


/9  (degrees) 


La  bifurcation  la  plus  courante  est  I’orbite  de  retourne- 
mcnl  (figure  9). 

Lorsque  deux  valcurs  propres  imaginaires  conjugudes 
quittent  Ic  cercle  dc  rayon  unitd,  il  apparait  un  tore  qui 
entoure  I’orbite  nouvellcment  instable  et  sur  Icquel  sc 
ddroulc  Ic  mouvement  du  systdme  (figure  10).  Dans  ce 


Figure  11 :  Doubicment  dc  pdriode  des  orbites  pdriodi¬ 
ques,  (a)  8„  =  -18.784°,  (b)  =  -18.971°,  (c)  5„  =  - 

19.002° 

Enfin,  quand  tous  les  dtats  d’dquilibre  en  prdsence  sonl 
instables  d  I’cxception  d’un  seul  faiblcment  stable,  il 
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peut  en  rdsulter  des  mouvements  transitoires  de  longue 
durde  et  irds  complexes  pouvant  elre  apparentds  cl  des 
comportcments  cnaotiques  (figure  12). 


Figure  12  :  Oscillations  transitoires  chaotiques. 


6.4  Validation  de  la  mdthodologie  avec  un  avion  rdel 
1281 

A  rOKERA,  la  ddmarchc  mdthodologique  prdsentde 
dans  le  paragraphe  5.4  a  dtd  parcouruc  compldtcment 
avec  un  avion  reel. 

L’application  a  portd  principalement  sur  le  comporte- 
ment  en  vrille  dnin  avion  de  combat  Franco- Allemand, 
Alpha-Jet,  dans  sa  version  biplace  d’entrameraent  en 
raison  dc  sa  disponibilitd  pour  rdaliser  des  essais  en  vol 
orientds  vers  la  validation  de  la  mdthodologie.  Elle  a 
dtd  rdalisde  en  collaboration  entre  I’ONERA/DES  et 
rONER-^/IMFL  avec  le  soutien  des  services  officieis  et 
le  concours  de  Dassault  Aviation  et  du  Centre  d’Essais 
en  vol  d’Istres. 

Aprds  a\'oir  ddfini  le  moddlc  adrodynamique  de  I’appa- 
reil  dan.s  un  large  domaine,  quatre  dquations  differen- 
tiellcs  reprdsentant  I’dyolution  de  certains  coefficients 
adrodynamiques  instationnaires  ont  dtd  adjointes  au 
.systdme  habiluel  des  dquations  de  la  mccanique  du  vol. 

Le  calcul  des  comportcments  asymptotiques  du  svstdme 
ainsi  obtenu  a  permis  de  retrouver  tous  les  phenomd- 
nes  observds  antdrieurement  sur  un  moddlc  d’avion  de 
combat  typique  (18]  et  d’approfondir  la  comprdhension 
du  comportement  en  vol  de  I’apparcil  notamment  dans 
les  phases  de  vrille. 


Figure  13  ;  Courbe  d’dquilibre  pour  8„  =17*. 

- stable,  -  -  -  instable  divergent, 

•  -•-instable  oscillatoire 


A  titre  d’illustration.  profondeur  en  butde  4  cabrer  et 
direction  i  gauche,  lorsque  le  gauchissement  varic,  la 
courbe  des  ^uilibres  S  incidence  positive  montre  d’une 
part  line  vrille  piqude  a  droite  stable  (r>0)  et,  d’autre 
part,  une  vrille  a  gauche  (r<0)  et  une  tonneau  a 
incidence  moddrde  (a  =  2y)  instables  oscillatoircs 
(figure  13). 

Autour  des  rdgimes  instables  de  vrille  4  gauche  des 
orbiles  periodiques  apparaissent  (figure  14).  Leur 
amplitude  et  leur  stabilitd  varie  beaucoup  en  function 
de  la  valeur  du  gauchissement,  ce  qui  conduit  aux 
nombreux  comporlements  Irds  divers  demontrds  en  vol, 
au  Centre  d’Essais  en  Vol  d’Istres,  par  des  essais 
particuliers. 


Figure  14  ;  Enveloppc  dcs  orbites  periodiques  quand  5, 
varie  pour  =  17°. 

- stable,  -  -  -  instable  divergent, 

. instable  oscillatoire, . instable  (-1) 

Plus  prdcisdment,  pour  unc  valeur  de  gauchissement 
voisine  de  -10°  et  suivant  I’historique  des  braquages  des 
gouvernes  d6fini  ^  I’avance  apr6s  analyse  des  surfaces 
d’6quilibre,  il  est  possible  dc  mettre  en  Evidence  trois 
allures  de  vrille. 

La  premiere  est  une  vrille  calme.  Elle  correspond  a  une 
orbite  pdriodique  de  petite  amplitude  (figure  15)  qui 
cxiste  pour  quasiment  toutes  les  valours  ndgatives  du 
gaiichis.scment.  sous  rdserve  de  conserver  les  memos 
braquages  de  la  profondeur  et  du  gauchissement. 

La  seconde  est  une  vrille  agitde  (figure  16)  avec  des 
variations  importantes  sur  les  paramdtres  du  vol.  Elle 
correspond  i  unc  orbite  dont  Tamplitude  varic  beau- 
coup  en  fonction  dc  la  valeur  du  gauchissement. 

Quant  H  la  troisidrne,  e’est  une  vrille  trds  agitde.  Elle  est 
associdc  a  une  orbite  pdriodique  instable  oscillatoire  et 
elle  correspond  ^  I’dvolution  du  systdme  sur  un  tore 
entourant  rorbite  instable  (figure  17). 

Dans  cettc  application,  seul  le  phdnomdne  de  double- 
ment  de  pdriode,  prddit  pour  une  valeur  de  gauchisse- 
menl  voisine  de  -S',  n’a  pu  etre  mis  en  evidence  lors  de 
ces  essais  en  vol  conmte  tenu  de  la  durde  limitde  d’une 
phase  de  vrille  (T  >«  50  secondes).  Cependant,  il  convient 
de  noter  que  les  pilotes  savaient  que  le  comportement 
de  cet  appareil  est  trds  sensible  et  peu  fiddle  pour  ces 
conditions  partkulidres  dc  vol  et  dc  braquage  des  gouvernes. 
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el  de  raontrer  les  potentialit6s  de  la  mdlhode  sur  un  cas 
rdel. 


Figure  IS  :  Vrille  calme  pour  5,  variant  de  -20°  h  0° 
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Figure  16  :  Vrille  agitde. 


7.  QUELQUES  REMARQUES  A  PROPOS  DES 
COMMANDES  DE  VOL 

II  n’est  pas  dans  le  propos  de  cette  communication  de 
trailer  de  I’dlaboration  des  lois  de  commande  pour  les 
systfemes  non  lin6aires.  Cependant,  compte  tenu  de  lois 
de  commande  lindaires  on  non  lin6aires  (d’aprfis  leur 
formulation  ou  par  I’introduction  d’dlements  non 
lin6aires)  donndes,  on  peut  se  demander  si  la  mdthodo- 
logie  ddveloppde  pour  I’aWon  naturel  est  encore  appli¬ 
cable  k  I’avion  piloid.  Plus  prdcisdment,  si  les  lois  de 
commande  entrament  la  disparition  de  certaines  bifur¬ 
cations  du  systdme,  ne  risquent  elles  pas  de  erder  de 
nouvelJes  inslabilitds? 

Meme  sans  employer  le  terme  de  bifurcation,  ces 
probldmes  de  commande  sont  le  souci  de  nombreux 
chercheurs  et  des  rdsultals  importants  sont  d’ors  et  ddja 
disponiblcs  dans  la  litldrature. 

Dans  ce  paragraphe,  on  s’intdresse  au  systdme  (1)  pour 
lequel  on  suppose  que  la  commande  U  n’est  plus 
mddpendantc  de  I’dlat  et  qu’clle  est  rcbouclde  sur  rdtat 
selon  la  relation; 


U^GiX.P) 


la  fonction  (J  dtant  continue,  derivable  dans  les  memes 
conditions  que  F  et  dventuellemeni  non  lindaire.  Le 
vccteur  P  reprdsente  les  nouveaux  paramdtres  du 
.systdme  en  boucle  fermde,  caraetdristiques  de  la  loi  de 
commande,  d  faire  varicr  de  fagon  quasistatique 

De  part  la  ddfmition  de  U,  il  apparait  que  tout  dquili- 
bre 


(X=0) 


Outre  CCS  quclques  illustralion.s,  cette  dtude  a  permis 
dgalement  d’estuner  I’influencc  de  nombreux  paramd¬ 
tres  tels  que; 

-  le  ddplacement  du  centre  de  gravitd  de  I'appareil 
en  dehors  de  son  plan  de  symelrie  sur  les  vrilles, 

-  la  poussde, 

-  les  couples  gyroscopiques  dus  aux  moteurs, 

-  certains  cocnicicnts  adrodynamiques, 


est  aiissi  dquilibre  du  systdme  en  boucle  fermde  et 
rdcipi  iquement;  la  loi  de  commande  nc  modifie  pas  les 
dtats  d’equilibre  du  systdme  original.  Par  centre^  la 
stabilitd  des  solutions  est  diffdrente  et  des  orbiles 
pdriodiqucs  peuvent  disparaitre  ou  apparaitre  suivant  la 
formulation  de  G(X,P). 

7.1  Commandes  de  vol  lindaires 

line  illustration  de  I’influence  de  commande  dc  vol 
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lindaires  sur  une  avion  de  combat  est  prdsentde  par 
Planeaux  [29]. 

Cette  loi  de  la  forme; 

(U=KX) 


a  pour  but  de  modifier  I’apparition  de  la  divergence  de 
I’oscillation  de  ddrapage. 

Gouvernes  transversales  au  neutre,  I’instabilitd  survient 
pour  un  braquage  de  la  profondeur  voisin  de  -19°.  En 
a.ssimilant  les  gains  de  la  boucle  de  controle  a  des 
paramdtre  du  systdme,  le  processus  de  continuation 
permet  d’une  part  de  suivre  I’apparition  de  la  bifurca¬ 
tion  de  Hopf  en  fonction  de  la  profondeur  el  des  gains 
et,  d’autre  part  de  montrer  que  reffet  d’lin  gain  lineaire 
n’est  pas  necessairement  lindaire  (figure  18). 


Figure  18  :  Evolution  de  I’instabilitd  de  I’oscillation  de 
ddrapage  en  fonction  de  la  profondeur  et  d’un  gain  de 
la  boucle  de  controle. 

Au  deli  de  la  nouvelle  Umite  de  stabilitd  de  I’avion 
muni  de  sa  loi  de  commande,  il  est  a  noter  quc  I’ampli- 
lude  des  orbites  pdriodiques  est  dgalemcnt  influencde 
par  le  gain  de  la  boucle  (figure  19). 


Figure  19  ;  Effet  du  gain  sur  I’amplitude  maximale  des 
orbites  pdriodiques  (ddrapage  uniqucment)  en  fonction 
de  la  profondeur. 

Cct  excmplc  simple  monlre  quc  la  mdthode  d’anal^e 
globale  de  stabilitd  a  dgalemcnl  la  possibilitd  d’amdiio- 
rer  la  comprdhension  du  comporfemcnt  de  systdmes 
non  lindaires  muni  de  iois  de  commande  meme  com- 
pldtcment  lindaires. 

12  Commandes  de  vol  non  lindaires 

Dans  les  commandos  dc  vol,  les  non-lindaritds  peuvcnt 

apparailre  dc  fa^on  naturcllc  ou  accidcntcllc.  Zflcs  sow 


"naturelles"  lorsque  le  concepteur  les  introduit  volontaJ- 
rement  dans  le  systdme  en  vue  de  rdaliser  un  objectif 
donnd.  Elies  sonl  acddenlelles"  quand  elles  surviennent 
incidemment  du  fait  que  tous  les  dldmcnls  intervenanl 
dans  une  chame  de  commande  ne  sont  pas  nalurelle- 
ment  lindaires  (butdes,  saturations,  hystdrdsis). 

Par  exemple,  un  gain  n’est  gdndraleraent  pas  constant 
quelle  que  soit  I’amplilude  du  signal  d’entrde.  On  pcut 
alors  se  dcmander  qu’elle  est  I’influence  de  la  saturation 
sur  le  comportement  du  systeme  lorsqu’il  est  sourais  a 
des  perturbations  de  grande  amplitude. 

Sans  oublier  dc  mentionner  les  travaux,  entre  autres,  de 
Hirai  [30],  Holmes  [31]  et  Mitobe  [32],  I’application  de 
la  theorie  des  bifurcations  au  cas  simple  suivanl  peul 
laisser  augurer  d’interessants  ddveloppements  ulterieurs. 

Soit  un  systeme  differentiel  lineaire  du  second  ordre 
instable  en  boucle  ouverte,  d’amortissement  Co  et 
pulsation  Wo.  Ce  systdme  est  stabilisd  par  un  retour  en 
vitessc  (figure  20). 


Figure  20  :  Systdme  du  second  ordre  instable  et  stabilise 
en  vitcsse. 


L’analyse  lindarisde: 

5+(2CcO)o+i)i+Wo^s=e 


montre  que  le  gain  k  joue  sur  I’amortissement  du 
systdme  cn  boucle  fermde. 

Lorsoue  Ic  gain  passe  de  la  valour  zdro  d  la  valeur  (k*) 
qui  realise  Tamortissement  souhaitd,  il  existe  done  une 
valeur  critique  (k^)  pour  laquelle  I’amortissement  est 
nul;  le  systdme  en  boucle  fermde  possdde  alors  deux 
vtdeurs  propres  imaginaires  pures. 

Supposons  maintenant  que  le  gain  k  est  non  lindaire  et, 
pour  faciliter  les  calculs  analyliques,  de  la  forme: 


cc  qui  correspond  a  une  saturation  adoucie  en  vitesse. 

11  est  aisd  de  montrer  qu]une  orbite  pdriodique  instable 
apparait  au  deli  du  point  dc  HopT.  Lorsque  le  gain 
varic.  cetle  orbite  entoure  le  point  de  fonctionnement 
stabilisd  du  systdme  en  boucle  fermde  et  peut  dventuel- 
lement  subsister  pour  la  valeur  du  gain  choisie  pour 
obtenir  une  'l)onne''  rdponse  du  systeme  vis  a  vis  des 
petits  mouvements  (figure  21).  Dans  ce  tas  parliculicr, 
de  dimension  2, 1’orbite  instable  reprdsente  la  frontidre 
du  domaine  de  stabilitd  du  systdme  commandd. 

Appliqude  i  un  moddle  d’avion  de  combat  typique 
instable  en  latdrai  et  stabilisd  par  des  retours  saturds  en 
vitesses  de  roulis  et  de  lacet  el,  dgalemcnt  en  braquage 
des  gouvernes  transversales,  la  ^cription  de  I’orbite 
pdriodique  instable  entourant  le  point  de  vol  (figure  22) 
stabilisd  donne  une  premidre  information  sur  la  robus- 
tesse  de  la  loi  vis  h  vis  de  perturbations  (33).  Conlraire- 
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ment  I’exemple  precedent,  I’orbite  instable  n’est  plus 
maintenant  qu’un  dl6ment  de  la  frontidre  du  bassin 
d’attraction. 

ftntfxs  A 


Muni  d’un  moyen  de  calcul  des  comportements  asymp- 
totiques  et  en  faisant  I’hypothdse  de  I’hyperbolicite  des 
solutions,  il  est  possible  de  construire  direcleraent  la 
fronticre  de  stabilitd  en  rdunissant  les  varidtes  stables 
des  solutions  stationnaires  instables  silu6es  sur  la 
fronticre  cherchde  (37). 

A  titre  d’exemple,  apres  avoir  ddtermine  les  deux  points 
d’dquilibre  stable,  (6.,  0.,  0.)  et  {-IAS,  -7.45.  -7.45),  et  le 
point  d’dquilibre  instable  (-2.45,  -2.45,  -2.45)  du  systdme 
suivant; 

x=-x^-y 

y=0.1x-2y-x^  O.lx^ 
i=-y+z 


Figure  21  ;  Amplitude  de  la  solution  asymptotique  du 
systdme  en  fonclion  du  gain  non  lindaire. 

- stable - instable  . instable  oscillatoire 


Figure  22  ;  Elat  d’dquilibre  stabilisd  et  orbites  pdriodi- 
ques  pour  un  avion  de  combat  typique. 

•  point  d’dquilibre  stabilisd,  -  -  -  orbite  instable, 

- orbite  stable 


8.  DOMAINE  D’ATTRACTION  DES  ETATS  D’E- 
QUILIBRE 

Le  probldme  gdndral  de  la  ddtermination  du  domaine 
d’atlraction  dTin  point  d’dquilibre  stable  d’un  systdme 
diffdrenliel  autonome  cst  dtudid  depuis  longtemps.  Une 
synthdse  des  diffdrentes  mdthodes  employees  est 
rcalisde  dans  [34J.  Parmi  cclles  ci,  il  y  a  lieu  de  di.sfin- 
gucr  celles  qui  sont  fonddes  sur  la  thdorie  de  Liapou- 
nov  et  les  autres. 

La  thdorie  de  Liapounov  est  trds  gdndralc  et  trds 
puissante.  Ndanmoins  son  cfficai  itd  ^pend  bcaucoup 
du  choix  d’une  ’Tionne"  function  de  Liapounov  et,  dtanl 
fondde  sur  des  conditions  suffisantes  de  stabilitd,  elle 
nc  donne  aceds  qu’li  une  sous  partic,  gdndralement 
convexc,  du  domaine  d’attraction  d’un  point  d’dquili¬ 
bre. 

P.  mr  contourncr  la  difficultd,  Gdndsio  et  al  (34|  propo- 
sent  une  mdthode  fondde  sur  I’intdgration  J  rebours  du 
systdme  diffdrenticl  i  partir  d’un  ensemble  de  points 
situds  dans  le  voisinage  du  point  d’dquilibre  et  appartc- 
nant  au  domaine  aattraction.  Plus  rdeemment  ccs 
mdthodes  ont  dtd  amenddes  par  deux  contributions 
f35,36]  dans  Icsquellcs  les  auteurs  cherchent  S  constr¬ 
uire  un  sous  domaine  d’attraction  constituds  par 
I’cnscmble  des  points  du  systdmes  situds  ^  un  temps 
fini  du  point  d’Cquilibre  stable  considdrd.  Dans  [36J,lc 
sous  domaine  e«  approchd  par  un  polyddre  et  une 
application  adronautique  est  prdsentde. 


la  mdthode  utilisde  a  I’ONERA  permet  de  construire 
directement  la  frontidre  de  stabilitd  du  point  d’dquilibre 
stable  (figure  23). 


Figure  23  ;  Vue  partielle  de  la  fronlidre  de  stabilitd. 


Lorsque  le  systdme  est  de  dimension  plus  dlevde,  la 
reprdsentation  graphique  de  la  frontidre  de  stabilitd 
presente  des  difficullds.  Cependant,  sa  projection  dans 
des  sous  espaces  particuliers  fournit  des  informations 
utiles  (381  (figure  24).  A  noter  que  cc  resultal  est 
similaire  a  ceux  obtenus  par  une  approximation  du 
domaine  d’attraction  au  moyen  de  polyedres  et  presen- 
tds  dans  [36] 


r 


Figure  24  :  Projection  de  la  frontidre  de  stabilitd  entre 

les  deux  points 

d’dquilibre  stables  (PESl  el  PES3)  dans  le  plan  (p,  r) 
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9.  CONCLUSION 

Lorsqu’un  avion  dvolue  avec  une  forte  dynamique  ou/el 
k  grande  incidence,  Timportancc  des  non-lindaritds  des 
Equations  de  la  mdcanique  du  vol  ct  du  moddle  adrody- 
namiquc  rend  la  prddiction  du  comportemcnt  ae 
I’appareil  ddlicate.  Gdndralcmcnt,  ces  phases  de  vol 
sont  dtudides  au  moyen  de  nombreuses  simulations 
numdriques  avant  de  les  aborder  cn  vol. 

Face  ^  cctte  difficultd,  de  nombrcux  chcrchcurs  se  sont 
attachds  k  trailer  ces  probldnies  de  fa^on  partielJe  en 
appliquant,  de  fa^on  analytique  et  sur  des  systdmcs 
simpluids  de  dimension  rdduite,  des  mdthodes  classi- 
ues  d’dtude  de  la  stabilitd  de  systdmcs  d’dquations 
iffdrent idles  non  lindaires,  Malgrd  I’intdret  de  ce  type 
d’approche  pour  apprdhender  un  phdnomdne  com- 
plexe,  les  hypothdscs  simplificatrices  ndcessaires  nuisent 
souvent  k  fa  qualild  du  rdsultat. 

Paralldicracnt  k  I’accroissement  des  capacitds  de  calcul 
des  ordinatcurs,  le  ddveloppcraent  de  la  thdorie  des 
bifurcations  a  montrd  la  voie  vers  une  mdthodologie 
globale  d’analyse  du  comportemcnt  asymptotique  des 
systdmcs  diffdrentiels  non  lindaires  quciconques. 

I  ’application  de  cette  mdthodologie  aux  avions  permet 
d’expliciter  de  nombrcux  phdnomdnes  trds  divers, 
simples  et  complexes,  avec  la  nieme  procddure  de 
calcul  et  sans  avoir  besoin  de  recourir  k  aes  hypothdses 
simplificatrices  et  ^  des  simulations  exhaustives.  Quant 
k  la  corrdlation  avec  les  essais  en  vol,  die  confirme 
brillamment  les  prddictions  (sous  rdserve,  toutefois, 
d’utiliser  un  modele  d’avion  de  bonne  qualitd). 

Dans  le  but  d’affiner  encore  I’analyse  en  se  rappro- 
chant  les  plus  possible  de  systdmcs  plus  complexes,  il 
apparait  que  cette  mdthodologie  est  susceptible  d’aiaer 
dgalement  k  la  comprdhension  de  I’action  de  chatnes  de 
pilotage,  mdme  simples,  sur  le  comportemcnt  global  du 
systdme.  Dans  le  meme  esprit,  le  recherche  du  domaine 
((■attraction  des  dtats  d’dquUibre  stable  permet  d’abor- 
der  I’analyse  des  comportemcnts  transitoires, 

De  part  ces  capacitds  actuelles  et  potenticlles,  cette 
mdtnodologie  d’dtude  globale  des  systdmcs  diffdrentiels 
est  ddjS  treis  utile  pour  analyser  le  comportement  des 
avions.  Dans  I’avcnir,  die  devrait  etre  appliqude  d 
d’autres  systdmcs  complexes  tds,  par  exemple,  des 
missiles,  des  hdUcoptdres  ou  des  sous  raarins. 
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Introduction 

The  theory  of  aircraft  stability  is 
at  least  as  old  as  powered  flight. 

The  original  impetus  was  to  design 
the  configuration  to  have  acceptable 
characteristics.  Flight  control 
technology  was  next  applied  to 
tailor,  i.e.  improve,  the  classical 
response  characteristics;  a  yaw 
damper  being  a  simple  example.  More 
recent  flight  control  technology  has 
provided  the  means  to  change  the 
character  of  the  aircraft  response  so 
that  it  no  longer  exhibits  the 
classical  behavior  of  a  short  period, 
a  phugoid,  a  Dutch  roll,  a  roll  mode 
and  a  spiral.  With  additional 
control  effectors  and  the  use  of 
feedback  there  is  an  infinite  number 
of  ways  to  change  the  basic  stability 
and  response  characteristics. 

Pilot  preferences  are  also  well 
established,  however,  so  that  care  is 
needed  in  implementing  any 
theoretical  improvements.  The 
technology  exists  to  provide  the 
pilot  with  the  capability  to 
individually  control  all  six  degrees 
of  freedom.  Obviously,  a  requirement 
for  a  pilot  to  integrate  six 
different  control  effectors  would  be 
likely  to  increase  his  workload.  In 
that  sense  decoupling  all  six  axes 
would  be  detrimental.  Conversely, 
any  unwanted  coupling  that  can  be 
eliminated  should  reduce  the  pilot 
task. 

The  Wright  Laboratory  has  had  a 
series  of  flight  demonstration 
programs  that  have  evaluated  new 
technologies  in  the  most  realistic 
tasks.  First  an  F-16  was  provided 
with  the  additional  control  effectors 
to  allow  independent  control  of  all 
six  degrees  of  freedom.  A  variety  of 
control  modes  was  mechanized,  so  that 
the  pilot  could  evaluate  both  coupled 
and  decoupled  modes.  Following  a 
subjective  in-flight  assessment,  a 
ground-based  piloted  simulation 
experiment  was  performed  to  evaluate 
all  modes  for  both  offensive  and 
defensive  combat  use.  Second,  an  F- 
15  was  modified  to  facilitate  precise 
landing  in  adverse  conditions.  A 
special  short  landing  mode  was 
implemented  to  feature  decoupling  of 
airspeed  and  glldeslope  responses 
plus  the  integrated  coupling  of 
direct  lift  and  sldeforce  control. 
This  paper  presents  results  from  both 
these  programs,  to  Illustrate  the 
benefits  of  either  decoupling  or  a 


new  coupling  of  aircraft  responses. 
Background 

Very  shortly  after  the  Wright 
Brothers  flew,  aircraft  designers 
standardized  on  a  configuration  of 
aft-mounted  elevator  (then 
stabilator)  and  rudder  and  wing- 
mounted  ailerons.  Together  with  the 
propeller  or  jet-engine  thrust,  this 
arrangement  gives  four  effectors  to 
control  six  degrees  of  freedom.  In 
matrix  notation  the  equations  of 
motion  are  written 

X  =  ;^x  +  Bu 

The  state  vector,  x,  contains  some 
form  of  the  basic  six  degrees  of 
freedom.  The  matrix  A'  contains  the 
stability  derivatives  which  can 
include  both  natural  airframe 
characteristics  and  terms  due  to 
stability  augmentation.  The  control 
vector,  u,  has  the  four  terms 
discussed  above  plus  two  zero  terms 
for  conventional  aircraft.  Control 
of  the  z-  and  y-axis  is  then  implicit 
through  changes  in  the  angular 
states.  This  is  obviously  typified 
by  using  pitch  attitude  changes  to 
control  flight  path.  This  is  natural 
to  pilots,  but  it  is  possible  to 
postulate  conflicting  requirements 
for  nose  pointing  independent  of 
flight  path  control  in  combat.  We 
can  complete  the  u  vector  with  the 
addition  of  Direct  Lift  Control  (DljC, 
z-force)  and  Direct  Sideforce  Control 
(DSFC,  y-force) .  Next,  we  can  devise 
an  augmentation  scheme 
(theoretically,  at  least)  to  make  A 
and  B  essentially  into  diagonal 
matrices.  The  pilot  could  then  have 
control  of  each  axis  independent  of 
all  the  others: 

=  ®i.  ’'I  “I 

This  can  be  considered  perfect 
decoupling,  although  it  remains  to  be 
seen  whether  a  pilot  would  consider 
it  perfect.  In  addition,  given  the 
same  control  effectors  an  infinite 
number  of  ways  exist  tor  integrating 
(i.e.  coupling)  the  additional 
capabilities  to  produce 
unconventional  responses. 

Direct  Force  Modes  for  Combat 

Each  of  the  flight  control  modes 
shown  in  Figure  1  was  evaluated 
qualitatively  in  the  flight  programs 
of  References  1  and  2.  The  A„  mode 
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changes  the  flight  path  without 
the  conventional  pitching  motion  to 
change  angle  of  attack.  The  change 
in  flight  path  was  felt  to  be 
essent.iil,  with  the  potential  benefit 
of  soF  deception  in  the  lack  of 
pitch  cues.  The  0(|  mode  changes  pitch 
attitude  without  any  change  in  flight 
path  angle.  This  was  assessed  as  an 
offensive  mode,  the  only  possible 
defensive  benefit  would  be  through 
deception,  but  it  would  be  vulnerable 
unless  combined  with  other 
maneuvering.  Finally  the  Ot^mode 
commands  vertical  velocity  without 
changing  pitch  attitude.  For  short- 
duration  control  inputs  this  mode 
should  be  similar  to  the  A„  mode. 

Each  of  the  above  three  modes 
decouples  the  pitch  and  normal  axes. 
An  additional  Maneuver  Enhancement 
mode  used  DLC  to  "quicken"  the 
conventional  load  factor  response  to 
pitch  changes.  Overall,  none  of  the 
longitudinal  modes  were  considered  to 
have  any  strong  defensive  potential 
for  a  gun  encounter. 

The  A,  mode  contiols  directional 
flight  path  with  wings  level  and  zero 
sideslip  angle.  This  mode  has  been 
shown  to  be  advantageous  for  ground 
attack,  however,  there  is  some 
possible  defensive  potential  from  the 
ability  to  turn  without  first  banking 
the  airplane.  The  mode  changes  yaw 
attitude  without  changing  flight  path 
and  is  equivalent  to  the  Ol|mode.  The 
mode  commands  lateral  velocity 
without  changing  yaw  attitude.  This 
mode  was  felt  to  have  more  defensive 
potential  than  any  other  mode, 
especially  if  combined  with  other 
maneuvers.  This  mode  could  be 
commanded  through  the  rudder  pedal, 
with  conventional  responses  available 
through  the  side-stick.  As  an 
example,  the  pilots  particularly 
liked  the  ability  to  translate  out  of 
a  banked  turn 

Following  the  initial  assessment 
above,  it  was  decided  to  evaluate  the 
modes  quantitatively  in  a  motion- 
based  simulator.  The  task  was  to 
track  as  aggressively  as  possible  a 
computer-generated  target  which 
maneuvered  according  to  either 
computer-generated  or  pre-recorded 
motions  using  similar  control  modes. 
The  pilots  were  required  to  give  a 
pilot  rating  according  to  the  Cooper- 
Harper  scale,  l.e.,  rate  task 
performance  not  the  aircraft 
configuration  or  flight  control  mode. 
Thus,  by  comparing  appropriate  runs  a 
difference  in  pilot  rating  could 
indicate  an  effect  of  target  motions 
on  the  tracking  task  or  an  effect  of 
the  tracking  aircraft's  flight 
control  mode.  Pilot  comments  were 
also  used  as  aids  in  interpreting  the 
pilot  ratings. 

The  overall  objective  of  the 
simulation  effort  was  to  generate 
basic  data  on  pilot  use  of  the 
different  modes.  Based  on  the  prior 
assessment  plus  consideration  of  the 


limitations  of  the  visual  system,  the 
target  was  programmed  to  move  in 
either  vertical  or  lateral 
translations  with  various 
acceleration  levels.  In  this  way  the 
experiment  was  kept  reasonably  "pure" 
-  tracking  the  vertical  target 
motions  with  the  longitudinal  modes 
and  the  lateral  motions  with  the 
directional  modes. 


The  data  can  be  viewed  in  one  of  two 
lights:  by  making  a  mode-by-mode 
comparison  of  tracking  performance, 
pilot  rating  and  commentary  for  a 
particular  target  m'reuver  or  set  of 
maneuvers  (e.g. ,  a' ±  elevation 
targets)  we  can  evaluate  the  effect 
of  direct  force  control  capability  in 
the  tracker  airplane  on  offensive 
performance.  Conversely  by  comparing 
the  type  of  target  (i.e.,  elevation 
or  azimuth)  and  target  authority  with 
tracking  performance,  ratings  and 
commentary  we  car.  determine  the 
impact  of  target  motion  on  task 
performance  and  workload.  An 
increase  in  rms  tracking  error,  a 
degradation  in  ratings,  or  both 
indicates  the  target's  defensive 
effectiveness . 

Piloted  Simulation  Results:  Offensive 

Figures  2  and  3  show  tracking 
performance  for  various  elevation  and 
azimuth  target  acceleration 
capabilities,  respectively,  for  each 
tracker  mode.  For  the  baseline  case 
the  pilots  were  Only  able  the  keep 
the  target  within  the  pipper  (25  mils 
radius)  for  a  quarter  of  the  12  runs 
against  elevation  targets  (Fig.  2) . 
Both  the  A,,  and  ME  modes  show  improved 
performance  over  the  baseline  mode 
for  vertically-accelerating  targets. 
The  pilots  were  able  to  maintain  the 
target  within  the  pipper  for  almost 
all  of  the  runs  when  using  the  A„  or 
ME  modes.  Pilot  commentary  states 
"the  mechanization  through  the 
sidestick"  and  "the  quickened  g 
response"  of  the  ME  mode,  and  "the 
excel lei. t  dead  beat  pitch  response  in 
fine  tracking"  were  the  primary 
reasons  for  the  improvement  in 
performance.  For  elevation  target 
capabilities  of  less  than  ig  pilots 
tracked  with  the  A^  mode  alone.  This 
was  possible  since  mode  authority  at 
the  flight  condition  was  -f  Ig  normal 
acceleration.  For  larger  target 
authorities  pilots  had  to  blend  in 
baseline  response  through  the 
sidestick  controller,  though  pilot 
commentary  states  "the  pilot  had  no 
problem  blending  the  A^  mode  through 
the  trim  button  and  conventional 
baseline  response  through  the  side- 
stick".  Even  so,  pilots  "preferred 
mechanizing  the  direct  force  control 
through  the  conventional  sidestick 
controller  (i.e.,  the  fully 
Integrated  ME  mode)  over  having  to 
use  a  secondary  controller  (i.e.,  the 
A„  mode)  ". 
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Tracking  results  in  Fig.  2  show  a 
significant  improvement  when  using 
direct  lift  control  modes  as  compared 
to  the  baseline  mode.  This 
observati-in  is  supported  by  the  pilot 
ratings  (Figs.  4a  and  5a)  and 
comments.  Almost  all  of  the  runs  for 
the  A^  mode  against  various  elevation 
targets  are  rated  Level  1  (Fig.  4a) . 
Level  1  indicates  "the  pilot  has 
satisfactory  task  performance  and 
workload".  Similar  results  are  found 
for  the  ME  mode  (Fig.  4a) .  For  the 
baseline  mode  a  majority  of  the 
ratings  are  Level  2,  indicating  "the 
pilot  can  still  accomplish  the  task 
but  he  must  increase  his  workload  to 
do  so" .  The  A^  mode  on  the  other 
hand,  had  a  "deadbeat  pitch  response" 
resulting  in  a  "stop  where  you 
release",  removing  the  problem  of 
having  to  put  in  additional  control 
to  stop  the  pitch  response  from 
overshooting  the  target.  The  ME 
mode,  which  automatically  blends  the 
direct  lift  control,  has  the  same 
favorable  characteristics  as  the  A^ 
mode,  resulting  in  a  decreased  pilot 
workload  (i.e.,  lower  pilot  ratings) 
evident  from  the  pilot  commentary. 

Figs.  3,  4b  and  5b  show  the  effects 
of  direct  sideforce  control 
capability  on  tracking  performance 
and  pilot  rating  for  an  azimuth  step 
target  with  various  lateral 
acceleration  capabilities.  Again  the 
ME  mode  shows  an  overall  improvement 
in  tracking  perfonnance  as  compared 
to  the  baseline.  In  order  to  track 
the  azimuth  target  the  pilot  must 
bank  the  airplane  and  then  track  the 
target  with  pitch.  Hence,  tracking 
an  azimuth  target  is  essentially  a 
pitch  tracking  task.  The  ME  mode 
"improves  the  baseline  pitch 
characteristics",  resulting  in 
improved  performance  and  ratings. 

The  ratings  and  performance  for  the 
azimuth  target  tasks  are  generally 
worse  than  for  the  elevation  targets 
due  to  an  increase  in  task  complexity 
over  the  elevation  target  tracking 
task.  The  A^  mode  results  indicate 
the  pilot  can  only  maintain  the 
pipper  near  the  target  for  1  out  of  6 
runs.  Pilot  ratings  for  the  mode 
task  performance  lie  between  e’^and  7 
(Figs  4b  and  5b) .  A  rating  of  6 
means  "adequate  performance  requires 
extensive  pilot  compensation"  with 
the  airplane  having  "very  objectional 
but  tolerable  deficiencies".  For  a 
pilot  rating  of  7  the  pilot  "cannot 
achieve  adequate  performance 
regardless  of  pilot  workload".  A 
"major  deficiency"  is  present 
requiring  improvement.  Pilot 
commentary  for  the  baseline  and  ME 
mode  against  azimuth  targets  disclose 
that  "the  pilot  must  correctly  blend 
3  control  Inputs  to  follow  the  target 
motion”.  This  Increases  the  pilot 
workload  resulting  in  the  degraded 
ratings. 


Pilot  commentary  indicates  the 
mechanization  of  the  modes  was 


"satisfactory".  A^  mode  on  the  rudder 
pedai.  was  a  good  way  to  mechanize 
that  mode  since  it  is  "consistent 
with  the  way  pilots  are  trained  to 
fly'*.  Pilots  use  the  conventional 
rudder  for  directional  heading 
corrections,  and  the  A^  mode  also 
changes  heading.  Comments  on  the 
baseline  and  the  ME  mode  versus 
azimuth  targets  are  identical  to  the 
comments  for  the  modes  versus 
elevation  targets,  although  ratings 
are  no  better  than  for  the  baseline 
aircraft. 

In  summary,  results  from  the 
offensive  evaluation  of  the  direct 
force  control  mode  show  that  the 
blended  direct  force  mode  in  the 
tracking  airplane  (i.e.,  ME)  improves 
the  tracking  performance  while 
lowering  the  workload.  The  open-loop 
direct-lift  mode  shows  similar 
results,  with  commentary  (but  ni.  .  rms 
error  or  pilot  rating)  indicating  a 
further  improvement  in  fine  tracking. 
The  open-loop  sideforce  mode  does  not 
show  the  same  tracking  improvement 
compared  to  the  baseline  as  does  its 
longitudinal  equivalent.  This  is 
partly  due  to  an  increased  task 
complexity  for  the  azimuth  target 
tracking  task.  Controller 
mechanization  of  the  ME  mode  blended 
through  the  sidestick  received  very 
favorable  pilot  comment,  as  did 
mechanizing  the  A  mode  through  the 
rudder  pedals.  The  A,  mode  on  the 
button  was  acceptable,  but  pilots 
preferred  to  command  all  the  direct 
force  modes  through  the  conventional 
controllers,  removing  the  control 
harmony  problems  frequently 
encountered  when  using  a  secondary 
controller. 

Piloted  Simulation  Results:  Defensive 

Since  the  same  response  capabilities 
were  programmed  into  the  target 
motions,  if  the  target  motions  cause 
a  degradation  in  tracking  performance 
or  pilot  rating,  we  interpret  this  to 
indicate  defensive  potential  in  that 
target  motion.  Figs.  4  and  5  are 
plots  of  pilot  rating  versus 
increasing  target  acceleration 
capability  for  an  elevation  target 
and  an  azimuth  target.  There  is  a 
lot  of  scatter  in  the  results,  as  may 
be  expected  -  on  a  given  run  there  is 
an  element  of  luck  in  whether  the 
pilot  acquires  and  stays  with  the 
target.  In  addition,  there  is  no 
apparent  difference  due  to  the  mode 
of  the  tracking  aircraft,  so  the 
results  are  included  together  in 
Fig.  6. 

Vertical  translation  magnitude  shows 
no  consistent  effect  on  pilot  rating 
(Fig  4a) .  Vertical  target 
accelerations  from  1/2  to  4g  produce 
pilot  ratings  between  2  and  5  for  all 
longitudinal  modes,  with  the  majority 
remaining  Level  1.  Even  the  worst 
rating  indicates  that  "acceptable 
performance  can  be  achieved", 
although  the  workload  of  the  pilot 
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tracking  that  target  has  to  be 
increased.  This  is  also  supported  by 
the  mean  pilot  ratings  of  both  pilots 
for  all  elevation  targets  for  a 
particular  mode  (Fig.  5a) .  Typically 
the  elevation  target  motions  were 
considered  as  "a  simple,  single-axis 
pitch  tracking  task  as  long  as  no 
inadvertent  roll/yaw  inputs  are 
made".  Pilots  learned  that  minor 
roll/yaw  inputs  created  enough  of  a 
lateral  offset  from  the  target  plane 
of  motion  to  dramatically  increase 
the  complexity  of  his  task.  To 
correct  the  lateral  offset  they 
sometimes  had  to  blend  2  and  3 
control  inputs  to  get  back  in  the 
target's  plane  of  the  motion. 

Another  consideration  is  that  maximum 
elevation  target  acceleration  exceeds 
any  probable  direct  lift  control 
authority,  even  though  it  is  still 
less  than  the  normal  load  factor 
capability  of  modern  fighters.  The 
implication  is  that  pure  elevation 
maneuvers  by  tne  target  are  not  going 
to  be  effective  defensively. 

By  contrast.  Figs.  4b  and  6b  show 
that  alternating  azimuth  steps  are 
much  more  effective  defensive 
maneuvers.  Scatter  again  is  evident, 
with  the  ratings  varying  from  3  to  7; 
however,  a  third  of  the  results  are 
in  the  Level  3  region  (Fig.  6b) . 

This  worst  rating  indicates,  of 
course,  that  acceptable  performance 
cannot  be  achieved  regardless  of  how 
hard  the  pilot  works.  Pilot  comments 
also  indicated  an  "increase  in  task 
complexity"  relative  to  tracking  the 
elevation  step  targets.  The 
difficulties  of  tracking  were 
expressed  as:  "the  azimuth  target 
forced  me  to  simultaneously  blend  the 
three  axes  of  airplane  response  in 
pitch,  roll  and  yaw  in  order  to  match 
the  target  motions".  Thus  although 
the  experiment  was  simplified  into  a 
single-axis  target  maneuver,  the 
pilots  were  faced  with  a  multi-axis 
tracking  task  and  found  the  workload 
otten  unacceptable.  Finally,  and 
rather  surprisingly,  as  little  as 
l/2g  azimuth  target  acceleration 
produced  pilot  ratings  of  7  while 
increases  up  to  4g  produced  no 
further  degradation  in  pilot  ratings. 

It  is  interesting  to  note  that  direct 
force  control  capability  in  the 
tracking  airplane  shows  no 
appreciable  improvement  in  task 
performance  or  pilot  rating  against 
the  azimuth  targets  although  this 
capability  gives  improvement  in  both 
performance  and  pilot  rating  against 
elevation  targets.  Hence,  we 
interpret  these  results  to  indicate 
that  lateral  maneuvering  (i.e.  y-axis 
translation)  effectively  increases 
defensive  capability  due  to  the 
drastic  increase  in  complexity  of  the 
tracking  task  for  the  pursuing 
airplane. 

Precision  Landing 

The  preceding  section  indicates  the 


increases  in  workload  that  are  caused 
by  the  pilot  having  to  coordinate 
multiple  control  inputs.  In  applying 
control  technology  to  improve 
handling  qualities,  it  would  appear 
fruitful  to  address  any  condi^'icns 
that  require  a  pilot  to  coordinate 
his  inputs  in  more  than  one  axis.  A 
good  example  of  this  requirement  is 
the  coordinated  stick  and  throttle 
inputs  required  to  achieve  a 
precision  touchdown.  It  is 
instructive,  first,  to  consider  an 
effect  from  theory  of  constrained 
stability.  For  a  conventional 
aircraft  the  longitudinal  motion  can 
be  separated  into  two  distinct  modes. 
The  short  period  mode  consists  of 
angle  of  attack  and  pitch  attitude 
variations  and  is  well  damped,  while 
the  phugoid  consists  of  lightly 
damped  variations  in  airspeed  and 
pitch  attitude.  The  common 
approximation  for  the  phugoid  mode 
gives  a  system  damping  of 

2  ^  —  —  Xu, 

from  which  the  time  constant  of  the 
oscillatory  phugoid  amplitude 
envelope  is 

Tp  =  '  Vx,. 

Now,  if  the  pitch  attitude  is  held 
constant,  the  normal  longitudinal 
equations  reduced  to: 

(S- 

-Z„u.  +(S-Z„)0C=0 

The  result  is  that  the  classical 
modes  became  an  approximate  "angle  of 
attack  short  period"  and  an 
approximate  "airspeed  phugoid"  mode. 
The  time  constant  of  this  aperiodic 
airspeed  mode  is 

‘'a 

i.e.  half  the  time  constant  of  a 
classical  phugoid.  The  two  different 
responses  are  compared  in  Figure  7. 

It  is  seen  that  even  with  the  reduced 
time  constant  the  aperiodic  mode  does 
not  give  the  pilot  any  appearance  of 
airspeed  stability,  whereas  the 
oscillatory  mode  shows  a  significant 
initial  reduction  in  the  airspeed 
perturbation.  Because  of  the 
frequency  separation  of  the  two 
modes,  the  normal  pilot  action  of 
tightly  controlling  pitch  attitude  to 
maintain  the  glideslope  is  equivalent 
to  holding  attitude  constant  and  can 
be  expected  to  generate  the  aperiodic 
airspeed  mode.  It  i  aggested  that 
the  apparent  lac-,  airspeed 

stability  in  the  od  ;  c  mode 

induces  overcontr  r  larger 

power  changes  ti  at,  .-ssary  to 

correct  an  airspe-  • t  cisient. 

Thus,  when  we  look  at  the  effect  of 
constraining  the  pitch  axis,  the 
theoretical  result  is  that  the  speed 
axis  is  more  stable.  The  practical 
effect  is  that  there  is  less  apparent 
stability  to  the  pilot  and  there  is  a 
natural  tendency  to  produce  over 
control  and  coupling  of  the  two  axes. 
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This  is  typified  by  the  requirements 
for  a  carrier  landing.  The 
requirements  are  met  with  carrier- 
based  guidance,  and  either  a  manual 
or  coupled  approach  using  a  flight 
control  system  known  as  an  Approach 
Power  Compensator  System  (APCS) . 
Reference  3  analyzes  and  documents 
development  problems  with  APCS: 

"Trial  and  error  is  the  essence  of 
the  design  procedure  now  employed  in 
APCS  development.  While  such  a 
procedure  is  usually  to  be  avoided 
and  certainly  not  condoned,  it  has 
proven  necessary  and  reasonably 
effective  under  the  circumstance". 
Each  new  aircraft  is  the  subject  of 
intense  development  to  meet  the 
operational  requirements.  The 
current  APCS  implementations  are 
angle-of-attack  based  which  implies 
coupled  airspeed  and  flight  path 
responses.  Quoting  from  Reference  3: 
"The  basic  manual  control  technique, 
involving  operation  of  both  stick  and 
throttle,  emphasizes  the  necessity  of 
using  thrust  plus  attitude  as  the 
combined  means  of  maintaining 
reference  airspeed  and  angle  of 
attack  on  the  glide  slope.  The  (old) 
notion  of  using  throttle  to  control 
altitude  and  nose  attitude  or  stick 
input  to  control  airspeed  is  pointed 
out  as  not  being  wholly  valid  in  all 
situations  along  the  approach".  Navy 
pilots  do  confirm  that  their  training 
is  concentrated  on  learning  the 
required  coordinated  inputs.  Note, 
however,  that  the  APCS  throttle 
inputs  are  to  an  angle-of-attack 
reference,  as  are  conventional 
autothrottles.  There  is  an  obvious 
steady-state  correspondence,  but  such 
mechanizations  do  nothing  to  reduce 
the  short  term  coupling  tendencies. 

A  different  approach  was  directed  for 
the  Wright  Laboratory's  STOL  & 
Maneuver  Technology  Demonstrator 
(S/MTD,  References  4  and  5) ,  because 
of  a  primary  requirement  to  land  in 
less  than  1500  ft.  In-flight  thrust 
reversing  provided  a  high  bandwidth 
control  capability  in  the  x-axis. 
Airspeed  was  used  as  a  direct 
feedback  parameter,  so  that  airspeed 
was  held  constant  independent  of 
stick  input.  Once  the  aircraft  is 
"on  speed"  there  is  no  reason  for 
pilot  input  into  the  speed  axis;  at 
the  same  time  a  speed  change 
commanded  by  the  pilot  does  not 
produce  a  pitch  transient.  The  above 
approach  to  decoupling  pitch  and 
airspeed  control  was  Implemented  in  a 
Short  Landing  (SLAND)  mode  of  the 
S/MTD  control  laws.  Reference  4 
documents  results  of  a  piloted 
simulation  effort  performed  to  define 
the  optimum  value  of  pitch  axis 
bandwidth  for  tracking  the  glldepath 
that  was  used.  This  mode  was 
designed  using  multivariable 
techniques  (see  Reference  6).  Figure 
8  shows  the  decoupling  achieved  using 
different  orders  of  compensator. 

The  conventional  aircraft  configur¬ 
ation  produces  a  downforce  from  the 


stabilator  to  rotate  the  aircraft  to 
generate  lift  to  climb.  The  flight 
path  response  is  non-minimum  phase, 
i.e.  initial  motion  is  opposite  to 
the  final  motion.  For  the  SLAND 
mode,  therefore.  Direct  Lift  Control 
was  incorporated  to  produce  a 
minimum-phase  flight  path  response. 

It  can  also  be  shown  that  this 
application  reduces  the  conventional 
lag  of  flight  path  response  to  pitch 
rate.  This  also  should  make 
glideslope  control  easier  for  the 
pilot.  The  S/MTD  glideslope  control, 
therefore,  incorporated  the  latest 
control  technology  to  make  it  the 
best  it  theoretically  could  be  for 
manual  control .  This  makes  the 
evolution  of  pilot  reactions  very 
interesting. 

First  flight  of  this  mode  produced 
very  negative  pilot  reactions, 
especially  concerning  ride  qualities. 
It  was  characterized  as  a  carnival 
ride,  not  like  an  airplane,  and  he 
even  felt  something  that  seemed  like 
direct  lift!  To  the  engineers  it  was 
obvious  that  the  pilot  was  high  gain 
and  exciting  the  unusual 
characteristics . 

A  later  flight  was  performed  in 
reported  winds  of  18  kts  gusting  to 
24  kts.  Even  in  these  severe 
conditions  the  pilot  reported  that  it 
was  not  as  bothersome  and  that 
precise  touchdowns  were  possible 
(with  pilot  compensation!) 

Then  back-to-back  landings  were  made 
to  measure  touchdown  dispersion  in 
the  new  (SLAND)  mode  and  also  in  a 
control  mode  with  conventional  flying 
qualities.  With  this  comparison, 
done  in  turbulence  conditions,  the 
pilot  found  that  SLAND  mode  was  much 
easier  and  offered  a  significant 
decrease  in  pilot  workload  over 
conventional  characteristics.  Even 
so,  the  pilot  still  commented  on  the 
"unusual  flying  qualities". 

Two  flights  later,  wind  shear 
encounters  gave  another  boost  in 
pilot  confidence.  On  back-to-back 
landings,  a  wind  shear  was 
encountered  about  200  ft  above  the 
runway  as  the  pilot  was  concentrating 
on  the  touchdown  point  for  the 
precise  landing.  With  the 
conventional  mode,  the  aircraft 
dropped  approximately  75  ft  before 
the  pilot  arrested  the  sink  rate  by 
applying  power.  The  pilot  also 
commented  that  he  was  continually 
working  to  control  airspeed  and  angle 
of  attack  throughout  the  landing.  In 
the  SLAND  mode,  the  control  system 
quickly  arrested  the  disturbance 
caused  by  the  wind  shear  with  the 
aircraft  losing  less  than  25  ft. 

The  final  flight  of  the  program 
completely  convinced  the  pilot  of  the 
value  of  the  new  technology.  A  short 
landing  was  performed  at  night  using 
only  on-board  guidance  (Reference  7) , 
Tio  runway  lights  and  simulating  a 
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breakout  from  weather  at  200  ft  above 
the  runway.  After  this  successful 
demonstration,  the  pilot  said  that 
the  integration  of  the  total  system 
was  wonderful  and  certainly  much 
better  than  the  sum  of  the  individual 
would  indicate.  He  also  commented 
that  day,  VFR  testing  was  not 
indicative  of  the  system's  true  worth 
-  the  approach  to  a  totally  black 
airfield  was  no  more  difficult  that  a 
simple  video  game. 

In  summary,  pure  decoupling  of 
airspeed  control  from  glideslope 
control  was  designed  to  simplify  the 
landing  task  in  adverse  conditions. 
All  flight  test  programs  buildup  the 
severity  of  the  tasks,  but  the 
initial  pilot  reactions  from  flights 
in  benign  conditions  were  very 
negative.  In  a  demonstration 
program,  it  was  easy  to  continue 
without  questions  or  reviews  and 
reach  the  final  successful  approval. 

Conclusions 

For  conventional,  fixed-wing  aircraft 
the  stability  and  control 
characteristics  are  well  established. 
Flight  control  technology  is  able  to 
alter  or  tailor  these  characteristics 
with  an  infinite  number  of 
possibilities.  This  paper  has 
discussed  two  different  Wright 
Laboratory  applications  of  control 
technology.  For  combat  use,  direct 
force  control  modes  were  beneficial 
offensively  when  they  were  integrated 
to  simplify  pilot  control  actions. 
Decoupled  responses  were  not  liked. 
Such  modes  were  beneficial 
defensively  when  they  could  be  used 
to  generate  out-of-plane  maneuvers 
and  force  a  more  complex  task  on  the 
attacker.  For  this  application,  the 
defensive  maneuver  could  be  open  loop 
so  that  a  decoupled  mode  would  be 
acceptable. 

The  second  application  consisted  of 
pure  decoupling  of  airspeed  control 
from  glideslope  control  for  precise 
landing.  Simple  analyses  show  that 
this  approach  improves  the  "apparent" 
stability  of  the  aircraft  response 
and  eliminates  the  requirement  for 
the  pilot  to  coordinate  Inputs  in  two 
axes.  Initial  pilot  reactions  were 
very  negative  until  some  experience 
was  acquired.  Landings  in  adverse 
conditions  finally  produced 
enthusiastic  pilot  comments  about  the 
reduced  pilot  workload  that 
accompanies  not  having  to  coordinate 
two  different  control  inputs. 

Finally,  this  paper  has  attempted  to 
show  how  pilot  likes  and  dislikes  can 
guide  the  development  of  control 
strategies.  The  theoretical 
possibilities  are  unlimited  for 
tailoring  aircraft  stability,  in  Its 
broadest  context.  The  pilot  is  still 
the  final  judge. 


References 

1.  McAllister,  J.D.,  et  al,  "Fighter 
CCV  Phase  II  Report  -  Detail 
Design",  AFFDL-TR-76-119 , 

October  1976 

2.  Barfield,  A.F.,  B.W.  VanVliet  and 
D.C.  Anderson,  "AFTI/F-16  Advanced 
Multimode  Control  System  Design 
for  Task-Tailored  Operation", 

AIAA  Paper  No.  81-1707,  August 
1981 

3.  Craig,  S.J.,  R.F.  Ringland  and 
I.L.  Ashkenas,  "An  Analysis  of 
Navy  Approach  Power  Compensator 
Problems  and  Requirements", 

Systems  Technology  Inc.,  STI 
Technical  Report  No.  197-1, 

March  1971 

4.  Moorhouse,  D.J.,  D.B.  Leggett  and 
K.A.  Feeser,  "Flying  Qualities 
Criteria  for  Precise  Landing  of  a 
STOL  Fighter",  AIAA  Paper  No.  89- 
3390,  August  1989 

5.  Moorhouse,  D.J.,  J.A,  Laughrey  and 
R.W.  Thomas,  "Aerodynamic  and 
Propulsive  Control  Development  of 
the  STOL  and  Manoeuvre  Technology 
Demonstrator" ,  AGARD  Conference 
Proceedings  AGARD-CP-465,  October 
1989 

6.  Moomaw,  R.,  and  Lowry,  D. , 
"Application  of  Multivariable 
Control  to  the  STOL  and  Maneuver 
Technology  Demonstrator",  AIAA 
Paper  No.  87-2403,  August  1987 

7.  Moorhouse,  D. J. ,  "Design  and 
Flight  Test  of  On-Board  Guidance 
for  Precision  Landing",  AIAA  Paper 
91-2641,  August  1991 


11-7 


OFFENSIVE 

DEFENSIVE 

PRIORITY 

PILOT  COMMENTS 

PRIORITY 

PILOT  COMMENTS 

Direct  Force: 

''n 

1  (High) 

"Well  damped*  good  authority 
for  tracking*  quick  response, 
stop  on  release*  no  oscilia* 
t  ion**. 

2  (High) 

"change  in  flight  path 
essent i a  1". 

ME 

2  (High) 

"Well  damped,  command 
through  sidestick*  cut  down 
characteristic  pitch  bobble* 
gross  acquisition  is  good*'. 

1  (High) 

"good  path  response*  ease  of 
command  via  sidestick". 

% 

3  (High) 

_ 

''deadbeat  response*  ^ycontrol 
via  the  rudder  pedal  is 
sat  Isfactory*'. 

3  (High) 

"advantage  in  turn  without 
bank*  no  visual  ctes^ 
unconvent ional". 

Fuselage  Pointing: 

a  .  B 

_ 

A  (Low) 

"potentially  high  priority  if 
mechanized  automatically*  poor 
as  currently  mechanized  ar.J 
control  led". 

5  (Low) 

"does  not  change  flight  path 
might  be  good  for  deception  if 
large  enough  pitching/yawing 
motion  can  be  generated,  vul¬ 
nerable  unless  combined  with 
path  changes". 

Trans lat ion 

a  ,  6 
?  2 

1 

1 

i 

S  (tow) 

"authority  limited,  authority 
mismatch  due  to  greater 
authority  in  baseline 
response*  might  be  good  vs. 
a/c  with  similar  capability". 

k  (High) 

1 

1 

_ 1 

"if  authority  is  attainable, 
unconvent ional  response 
coupled  with  minimal  visual 
cues,  lateral  motions  have 
more  potential  than  longitu¬ 
dinal". 

Figure  1.  Pilot  Assessment  of  Coupled/Decoupled  Modes 
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Tracking  Error  vs  Elevation  Targets 


Figure  3. 


Tracking  Error  vs  Azimuth  Targets 
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Figure  4.  Pilot  Rating  vs  Target  Acceleration 


Figure  5.  Pilot  Rating  vs  Tracker  Mode 
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Figure  6.  Pilot  Rating  vs  Target  Acceleration 
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Figure  7.  Comparison  of  Periodic  &  Aperiodic  Responses 
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Velocity  and  pitch  rale  due  to  a  velocity  command 


Velocity  and  pitch  rate  due  to  a  pilch  rate  command 
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Discussion 

SESSION  II  -  QUESTIONS  &  ANSWERS  (PAPERS  8,  10,  11) 


PAPER  8:  G  BERKOOS 

Question: 

Two  fundamental  characteristics  of  active  control  are 
measurement  error  and  delay  in  applying  control  forces. 
Does  your  approach  to  controlling  the  flow  take  these 
factors  into  account? 

Answer: 

Noise  comes  into  the  model  in  a  very  natural  way, 
namely  through  the  tree  boundary  term,  therefore,  as 
long  as  noise  is  not  overwhelming  we  do  not  think  it  will 
be  a  problem.  The  delay  in  applying  central  forces  is 
accounted  for  in  the  model  that  gives  us  the  control 
vector  in  phase  space,  (neglecting  the  computation  time 
which  will  be  much  smaller  than  the  turbulent  time 
scales). 

Question: 

In  order  to  implement  your  control  scheme  for  a 
turbulent  boundary  layer,  you  have  to  sense  where  you 
are  in  the  phase  space  of  your  loci  dimensional 
dynamical  model.  Could  you  outline  how  you  go  about 
doing  this? 

Answer: 

We  plan  to  have  an  array  of  hot  film  wall  mounted 
sensors.  These  sensors  give  the  wall  shear  rate.  The  shear 
rate  footprint  is  then  decomposed  into  the  footprints  of 
the  different  eigen  functions  and  thus  an  estimate  for  the 
phase  space  point  is  obtained. 

PAPER  10:  Ph  GUICHETEAU 

Question: 

Car  you  predict  all  spin  modes  of  an  aircraft?  Vertical 
wind  tunnel  tests  or  flight  tests  can  never  be  sure! 

Answer: 

The  methodology  can  predict  almost  all  (because  of  the 
absence  of  results  about  asymptotic  states  for  a  set  of 
general  nonlinear  differential  equations)  behaviour  of  the 
used  model.  Flight  dynamics  experience  on  several 
aircraft  help  to  look  for  all  the  spin  modes.  Obviously,  a 
vertical  wind  tunnel  tests  is  not  failsafe  and  this  is  one  of 
the  tasks  of  aerodynamicists.  Also,  flight  tests  are  not 
completely  trustworthy,  but,  if  a  'catastrophic  state' 
found  with  numerical  prediction  has  not  been  exhibited 


by  die  aircraft  during  the  flight  test,  one  must  be  careful 
as  under  special  conditions  (in  operational  opterations,  for 
example)  the  real  aircraft  may  exhibit  this  behaviour. 

Question: 

Which  were  the  four  unsteady  aerodynamic  coefficients 
in  your  set  of  12  parameters? 

Answer: 

The  four  unsteady  coefficients  are: 

-  (lift) 

-  C,un.r  C„,^„  (moment  coefficients) 

Question: 

How  critical  to  your  spin  predictions  is  the  accuracy  of 
aerodynamic  coefficients? 

Answer: 

The  accuracy  needed  for  'good'  predictions  is  not  the 
same  for  all  the  coefficients.  Some  of  them  are  very 
sensitive.  We  have  to  study  this  problem  using 
aerodynamic  coefficients  as  parameters,  but  the  results 
are  not  within  the  scope  of  this  presentation. 

Question: 

Is  asymptotic  stability  analysis  sufficient,  or  can  the 
aircraft  get  in  trouble  before? 

Answer: 

It  is  not  sufficient  to  study  asymptotic  states,  but  it  is  a 
first  step.  Transient  motions  are  now  being  studied  at 
ONERA. 

Question: 

Can  you  study  the  behaviour  of  a  stable  or  unstable  point 
to  find  the  rates?  A  slow  stability  may  be  unattainable, 
and  a  slow  instability  may  be  flyable. 

Answer: 

For  strong  stability  or  instability,  transient  behaviour  in 
the  vicinity  of  the  equilibrium  point  is  provided  by  eigen 
value  analysis  and  associated  eigen  vectors.  For  weak 
stability  states  or  bifurcation  points  nonlinear 
approximations  are  used  to  study  or  predict  the  motion 
(sec  f  14]). 
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In  practical  situations,  the  designer  ntust  choose  his  own 
boundary  of  stability  (which  is  different  from 
mathematical  definition)  considering  handling  quality 
criteria  (for  aircraft).  However,  he  must  be  careful  when 
reducing  the  domain  of  interest. 

Question: 

How  certain  are  you  about  spin  type  predictions  which 
were  not  measured  in  a  lab? 

Answer: 

We  are  not  very  confident  about  spin  modes  which  are 
not  measured  in  a  wind  tunnel.  To  reduce  the 
uncertainty,  the  aerodynamic  model  has  been  measured 
over  a  wide  range  of  the  state  domain: 

-  10°  <  a  <  90° 

-  40°  <  S  <  40° 

and  numerous  values  of  angular  rates  representative  of 
angular  rates  encountered  during  spin  (see  [28]).  The 
inverted  spin  modes  were  out  of  the  scope  of  the  study. 

PAPER  11:  D  J  MOORHOUSE 

Question: 

There  was  a  preceding  aircraft  which  could  land  within 
500m:  the  SAAB  Viggen.  It  had  a  high-sink 
undercarriage  to  land  without  flare,  within  105m  of  the 
runway  threshold.  Did  the  F-15  landing  approach  have 
flare?  This  makes  precision  touchdown  much  more 
difficult. 

Answer: 

The  STOL  and  manoeuvre  F-15  did  not  perform  a 
straight-in  approach,  it  did  flare  and  the  flare  guidance 
was  programmed  on  the  head-up  display. 

Question: 

A  difficulty  with  the  Viggen  was  control  on  the  ground. 
At  what  speeds  could  you  use  thrust  reverser  on  a  wet 
runway?  How  was  control  on  the  ground  exercized? 

Answer: 

Thrust  reversing  was  scheduled  to  prevent  hot  gas 
ingestion,  but  was  active  down  to  40  knots.  A  good 
paper  was  published  on  the  Viggen  problems  and  we 
used  some  of  the  lessons  learned,  such  as  YAW  rate 
feedback  to  nosewheel  steering.  For  the  STOL  F-15, 
direct  sideforce  was  commanded  by  the  rudder  pedals  on 
approach,  after  touchdown  sideforce  was  commanded  by 
lateral  stick  into  the  wind  (natural  pilot  action).  This 
reduced  the  crosswind  effects  by  50%. 


Question: 

We  saw  a  PIO  of  the  F-15  on  the  ground.  More  PIOs 
continue  to  appear  (e.g.,  YF-22)  after  having  discussed 
the  topic  for  a  decade  and  claimed  to  have  found  the 
solution.  Were  the  time  relays  in  the  digital  system  above 
120ms?  If  not,  what  caused  the  PIQ?  How  was  it  cured? 

Answer: 

First,  I  have  strong  prejudice  that  equivalent  systems 
time  delay  should  be  less  than  100  msecs.  There  was  no 
PIQ  in  the  STOL  F-15,  the  film  showed  a  large  pitch 
oscillation  after  touchdown  that  was  caused  by  unsteady 
ground  effect/Jet  interactions.  It  was  cured  by  adding 
damping  through  pitch  rate  feedback. 

Question: 

In  this  F-15  there  were  many  possibilities  for  control, 
e.g.,  pitch  could  be  controlled  using  thrust  vectoring, 
canards,  tailerons,  etc.  How  did  you  select  the 
combination  of  controls  for  each  task?  Judgement  or 
some  kind  of  systematic  analysis  of  all  possiblities? 

Answer: 

There  were  22  control  effectors,  but  nol  all  were 
available  in  all  flight  regimes.  The  integration  was  done 
more  by  judgement  than  a  rigorous  optimization 
procedure. 

CQMMENT  QN  PAPER  11: 

While  reporting  results  as  a  function  of  roll  rate  (P,)  and 
roll  angle  ((fi.jfor  fixed  sting  angle  of  attack  ((x,) 
completely  specifies  the  variable  motions  of  the  wind 
tunnel  experiments,  it  is  suggested  that  a  better 
understanding  of  the  flow  physics  would  be  gained  by 
showing  results  as  functions  of  the  wing  angle  of  attack 
(a),  sideslip  angle  (B),  and  associated  rates  ('a,'B)  as 
well.  Static  effects  are  best  viewed  in  terms  of  wing  a 
and  flow  asmmetry  (B).  while  dynamic  effects  are 
separate  functions  of  rotary  motion  (P,)  and  flow 
adjustment  lags  Co.'B).  [The  latter  effects  are  analogous 
to  the  distinct  effects  of  q  and  a  in  longitudinal  motion.] 
Cross  flow  effects  are  quite  different  on  left  and  right 
wing  panels  -  in  fact,  for  65°  sweep  angle,  the  leeward 
wing  experiences  reverse  flow  for  high  oi,  and  i^,;  this 
would  be  more  apparent  in  the  (ot,  B)  description. 


BOUNDARY  LAYER  TRANSITION  : 
PREDICTION  AND  WIND  TUNNEL  SIMULATION 


D.  Arnal 

CERT/ONERA 

Aerothermodynamics  Department 
2  avenue  E.  Belin 

31055  TOULOUSE  CEDEX  -  FRANCE 


SUMMARY 

This  paper  gives  a  survey  of  theoretical  and 
experimental  results  related  to  the  problem  of 
boundaiy  layer  transition  ;  emphasis  is  given  on 
applications  of  practical  prediction  methods.  In  the 
first  part  of  the  paper,  it  is  shown  that  the  linear 
stability  theory  can  provide  a  good  estimate  of  the 
transition  location  if  the  free  stream  disturbance  level 
is  low  enough ;  the  difficulties  to  properly  simulate 
free  flight  conditions  in  ground  facilities  is 
underlined.  The  second  part  of  the  paper  is  devoted  to 
the  problem  of  boundary  layer  tripping  in  the 
presence  of  large  external  disturbances  ;  in  this  case 
the  linear  theory  no  longer  applies  and  empirical 
criteria  need  to  be  developed. 

1  INTRODUCTION 

Since  the  classical  experiments  performed  by  O. 
REYNOLDS  (1883),  the  instability  of  laminar  flows 
and  the  transition  to  turbulence  have  maintained  a 
constant  interest  in  fluid  mechanics  problems.  This 
interest  results  from  the  fact  that  transition  controls 
important  hydrodynamic  quantities  such  as  drag  or 
heat  transfer.  The  objective  of  this  paper  is  to  give  an 


Fig.  I  -  Boundary  layer  development 


overview  of  the  transition  problems,  and  of  the 
prediction  methods  which  arc  currently  available  for 
engineering  purposes. 

An  overall  picture  of  the  boundary  layer  development 
is  shown  on  figure  1.  From  the  leading  edge  to  a 
certain  distance  xj,  the  flow  remains  laminar.  At  xt, 
turbulent  structures  appear  and  transition  occurs. 
From  XT  to  xg,  there  is  a  noticeable  change  in  the 
boundary  layer  properties.  The  transition  process 
involves  a  large  increase  in  the  momentum  thickness 

0  and  a  large  decrease  in  the  shape  factor  H.  The 

displacement  thickness  5i  =  H0  exhibits  a  more 
complex  evolution.  The  skin  friction  coefficient  Cf 
increases  from  a  laminar  value  to  a  turbulent  one,  the 
latter  being  in  some  cases  an  order  of  magnitude 
larger  than  the  former.  It  is  obvious  that  the  location 
and  the  extent  of  mmsition  depend  on  a  large  range  of 
parameters,  such  as  external  disturbances,  vibrations, 
pressure  gradient,  roughness ... 

When  a  laminar  flow  develops  along  a  given  body,  it 
is  strongly  affected  by  various  types  of  disturbances 
generated  by  the  model  itself  (roughness, ...)  or 
existing  in  the  freestream  (turbulence,  noise, ...). 
These  disturbances  are  the  sources  of  complex 
mechanisms  which  ultimately  lead  to  turbulence.  In 
fact,  two  kinds  of  transition  processes  are  usually 
considered  : 

a)  If  the  amplitude  of  the  forced  disturbances  is 
small  Oow  freestream  turbulence  level  for 
instance),  one  can  observe  at  first  two- 
dimensional  oscillations  developing  dowrtstrcam 
of  a  certain  critical  point.  After  a  linear 
amplification  of  these  waves,  three^limensional 
and  non  linear  effects  become  important, 
inducing  secondary  instabilities  and  then 
transition.  In  these  cases  of  "natural"  transition, 
the  transition  Reynolds  numbers  arc  usually  very 
large. 

b)  If  the  amplitude  of  the  forced  disturbances  is 
large  (high  freestream  turbulence  level,  large 
roughness  elements),  non  linear  {rftenomena  arc 
immediately  observed  and  transition  occurs  a 
short  distance  downstream  of  the  leading  edge  of 
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the  body.  This  mechanism  is  called  a  "bypass",  in 
this  sense  that  the  linear  stages  of  the  transition 
process  are  ignored  (bypassed),  (see  MORKOVIN, 
/!/). 

Both  aspects  of  the  transition  mechanisms  will  be 
discussed  successively.  Section  2  is  devoted  to  the 
problem  of  "natural"  transition.  After  a  short 
description  of  the  transition  processes,  applications 
of  the  so-called  "e"  method"  are  given.  Typical 
examples  of  transitions  induced  by  large  disturbances 
(bypass)  are  given  in  Section  3. 

2.  "NATURAL"  TRANSITION 

2.1.  General  Description  of  the  Transition 
Mechanisms 

a)  Linear  stage  -  As  it  was  pointed  out,  the  instability 
leading  to  transition  starts  with  the  growth  of  two- 
dimensional  disturbances,  the  existence  of  which 
was  first  demonstrated  by  the  now  classical 
experiments  of  SCHUBAUER  and  SKRAMSTAD, 
/2/.  In  fact,  the  existence  of  small,  regular 
oscillations  travelling  in  the  laminar  boundary  layer 
was  postulated  many  decades  ago  by  Lord 
RAYLEIGH  (1887)  and  PRANDTL  (1921).  Some 
years  later,  TOLLMIEN  and  SCHLICHTING 
worked  out  a  linear  theory  of  boundary  layer 
instability,  so  that  the  waves  arc  usually  referred  to 
as  the  "TOLLMIEN-SCHLICHTING  waves"  (TS 
waves).  Nevertheless,  the  linear  stability  theory 
received  litUe  acceptance,  essentially  because  of  a 
lack  of  experimental  results.  The  measurements  of 
SCHUBAUER-SKRAMSTAD  completely  revised 
this  opinion  by  demonstrating  the  real  existence  of 
the  TS  waves. 

A  complete  account  of  this  linear  stability  theory  is 
out  of  the  scope  of  this  paper  (sec  MACK,  /3/,  for 
complete  information).  Only  some  of  the  basic 
features  will  be  briefly  described. 

In  two-dimensional,  incompressible  flow,  it  is 
assumed  that  the  TS  waves  can  be  expressed  by  : 

q  =  q(y)exp(ox)cxp[i  (ax  -  (Ot)]  (1) 

q  represents  a  velocity  or  a  pressure  fluctuation  ;  o, 

a  and  to  are  the  spatial  amplification  rate,  the 
wavenumber  and  the  circular  frequency, 
respectively.  Introducing  (1)  into  the  linearized 
NAVIER-STOKES  equations  leads  to  a  system  of 
ordinary  differential  equations,  the  combination  of 
which  gives  the  well  known  ORR-SOMMERFELD 
equation.  Due  to  the  homogeneous  boundary 
conditions  (the  disturbances  must  vanish  at  the  wall 
and  in  the  freestream),  the  problem  is  an  eigenvalue 
one.  When  the  mean  velocity  profile  U(y)  is 
specified,  a  non  zero  solution  of  the  stability 
equations  exists  for  particular  combinations  of  the 


four  real  parameters  R,  a ,  a  and  (o,  where  R  is  the 
REYNOLDS  number. 


Fig.  2  -  Stability  diagram  (BLASIUS  flow) 

The  ORR-SOMMERFELD  equation  was  solved  by 
many  authors.  The  results  of  such  computations  arc 
represented  on  figure  2  for  the  BLASIUS  flow.  All 
the  parameters  were  made  dimensionless  with  the 
freestream  velocity  Ue  and  the  displacement 
thickness  6i,  so  that  R5i  =  Uc5i/v.  The  figure 
shows  some  curves  of  constant  amplification  rate  a 
in  the  (a,  R5i)  plane ;  curves  of  constant  frequency 

to  are  not  represented  for  clarity.  The  curve  o  =  0  is 
called  the  neutral  curve  ;  it  separates  the  region  of 
stable  (a  <  0)  from  that  of  unstable  (o  >  0) 
disturbances.  There  is  a  particular  value  of  the 
REYNOLDS  number  below  which  all  disturbances 

decay  ;  it  is  the  critical  REYNOLDS  number,  R5icr. 
which  is  equal  to  520  for  the  BLASIUS  flow. 

In  three-dimensional  and/or  compressible  flow,  the 
problem  becomes  more  complex,  because  the  most 
unstable  disturbances  are  oblique  waves.  For  the 
sake  of  simplicity,  let  us  consider  first  the  simplest 
example  of  three-dimensional  flow,  i.e.  the  flow  on  a 

swept  wing  of  constant  chord  and  infinite  span.  <p  is 
the  sweep  angle,  x  and  z  represent  the  directions 
normal  and  parallel  to  the  leading  edge,  respectively. 
Relation  (1)  is  now  replaced  by  : 

q  =  q(y)exp(ox)cxp[i  (ax -I- pz  -  (Dt)  ]  (2) 

The  previous  expression  contains  the  assumption  that 
there  is  no  amplification  in  the  spanwise  direction. 
An  important  parameter  is  the  wavenumber  direction 

V  =  tan*J(P/a).  At  each  chord  wise  position,  one 
has  to  compute  the  value  of  the  amplification  rate  c 

for  each  value  of  y.  V'm  will  denote  the  most 
unstable  direction,  i.e.  the  wavenumber  direction 
associated  with  the  largest  value  of  o. 


In  compressible  flow  (at  least  for  free  stream  Mach 
numbers  Me  larger  than  0.6),  the  problem  is  quite 
similar,  even  for  two-dimensional  mean  flows  ;  in 

this  case,  the  value  of  \|/m  is  no  longer  equal  to  0°  as 
for  low  speed  flows,  but  it  takes  a  value  which 
depends  essentially  on  the  local  free  stream  Mach 

number.  For  instance,  vj/M  is  close  to  70°  for 
Mc  =  3. 


One  has  to  keep  in  mind  that  the  non  linear  phase  and 
the  breakdown  process  occur  over  a  relatively  short 
distance.  For  typical  flat  plate  conditions,  the 
streamwise  extent  of  linear  amplification  covers 
about  75  to  85  per  cent  of  the  distance  to  the 
beginning  of  transition.  This  explains  that  calculation 
methods  based  on  linear  theory  only  (e"  method, 
paragraph  2.2.)  give  good  results  for  predicting  the 
transition  location. 


U. 


20  30 

waves  waves 


Breakdown 


Fig.  3  -  Overall  picture  of  the  transition  process 


b)  Secondary  instability,  breakdown,  turbulent  spots 
In  order  to  illustrate  the  downstream  evolution  of  the 
TS  waves,  figure  3  presents  an  example  of  smoke 
visualization  obtained  by  KNAPP  et  al.,  /4/.  A 
laminar  boundary  layer  develops  in  natural 
conditions  on  an  ogive  nose  cylinder  aligned  with  the 
freestream.  It  can  be  seen  that  the  two-dimensional 
TS  waves  take  the  fomi  of  eoncentrated  bands  of 
smoke  around  the  cylinder  (left  part  of  the  sketch). 
These  "rings"  become  more  distinct  as  they  move 
down  the  body,  indicating  the  existence  of  a  strong 
amplification.  When  the  initially  weak  disturbances 
reach  a  certain  amplitude,  their  evolution  begins  to 
deviate  from  that  predicted  by  the  linearized  theory  : 
the  waves  are  distorted  into  a  series  of  "peaks"  and 
"valleys".  As  the  flow  proceeds  downstream,  this 
pattern  becomes  more  and  more  pronounced. 
CRAIK,  /5/,  used  a  weakly  non  linear  theory  in 
order  to  explain  the  appearance  of  this  peak-valley 
system  ;  his  model  was  consistent  with  some 
experimental  observations,  but  was  inoperative  in 
other  cases.  More  satisfactory  results  were  obtained 
by  HERBERT,  /6/,  who  developed  a  linear 
secondary  instability  theory  based  on  the  FLOQUET 
theory. 

Further  downstream,  non  linear  mechanisms  become 
dominant.  The  peak-valley  system  gives  rise  to  a 
vortex  filament  (horseshoe  vortex),  which  breaks 
down  into  smaller  vortices,  which  again  break  down 
into  smaller  vortices.  The  fluctuations  finally  take  a 
random  character  and  form  a  so-called  "turbulent 
spot" :  it  is  the  transition  onset.  In  the  transition 
region  (between  xt  and  xe.  figure  1),  the  turbulent 
spots  arc  swept  along  with  the  mean  flow  ;  they 
grow  laterally  and  axially,  overlap  and  finally  cover 
the  entire  surface. 


c)  Receptivity  -  It  has  been  shown  that  the 
development  of  the  TS  waves  can  be  correctly 
predicted  by  the  linear  stability  theory.  The  main 
problem  is  now  to  explain  the  birth  of  these  waves, 
i.e.  to  establish  the  link  between  their  initial 
amplitude  Aq  and  the  forced  disturbances.  The 
concept  of  receptivity,  introduced  by  MORKOVIN 
/7/,  describes  the  means  by  which  these  forced 
disturbances  (sound,  freestream  turbulence)  enter  the 
laminar  boundary  layer  and  impose  their  signature  in 
the  disturbed  flow.  If  they  arc  small,  they  will  lend  to 
excite  the  TS  waves,  which  constitute  the  normal 
modes  of  the  boundary  layer.  Recent  works  by 
GOLDSTEIN  /8/  and  KERSCHEN 191  have  shown 
that  the  rccepliviiy  process  occurs  in  regions  of  the 
boundary  layer  where  the  mean  flow  exhibits  rapid 
changes  in  the  streamwise  direction.  This  nappens 
near  the  body  leading  edge  and  in  any  region  farther 
downstream  where  some  local  feature  forces  the 
boundary  layer  to  adjust  on  a  short  streamwise  length 
scale. 

Up  to  now,  receptivity  studies  were  restricted  to  two- 
dimensional  disturbances  (sound,  two-dimensional 
convected  gusts  ...).  In  many  practical  situations, 
however,  the  forcing  disturbances  are  three- 
dimensional.  In  such  cases,  the  receptivity 
mechanisms  are  unknown.  The  only  available 
information  come  from  experiments  and  illustrate  the 
effect  of  the  freestream  disturbances  amplitude  on  the 
transition  REYNOLDS  number  Rxj .  Figure  4 
shows  the  evolution  of  Rxj  as  a  function  of  the 

freestream  turbulence  level  Tu  =  u  c/Uc,  where  Uc  is 
the  rms  value  of  the  freestream  disturbances.  At  first 
sight,  the  experimental  data  seem  to  collapse  into  a 
single  curve  and  it  is  clear  that  transition  moves 
rapidly  upstream  when  Tu  increases.  However,  as 
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Tu  becomes  small,  Rxx  reaches  a  constant  value 
which  depends  on  the  experimental  set-up  :  this 
value  is  about  2.8  10^  for  SCHUBAUER- 

SKRAMSTAD,  /2/,  and  5  10^  for  WELLS,  /lO/.  In 
fact,  sound  component  controls  transition  when  Tu  is 
very  small  and  the  effect  of  "true"  frccstream 
turbulence  (voriicity  fluctuations)  can  be  only 
observed  at  values  ofTu  greater  than  0.1  10*2.  On 
the  other  side,  TS  waves  arc  never  observed  as  soon 
as  Tu  exceeds  2  or  3  10*2  :  transition  becomes 
triggered  by  "bypass"  mechanisms. 

2.2.  Transition  Prediction  :  The  e"  Method 

a  -  Two-dimensional,  incompressible  flows 

Let  us  recall  that  the  general  expression  of  a 
Tollmicn-Schlicliting  wave  is  : 

q  =  ^(y)  cxp(ox)  exp  [i  (ax  -  tot)] 


F/?.  4  -  Effect  of  freestream  turbulence  on 
transition  Reynolds  number 


Fig.  5  -  Typical  stability  diagram  in  physical 
coordinates  -  Definition  of  the  total 
amplification  rate  and  of  the  envelope 
curve 


For  a  given  mean  flow,  it  is  possible  to  compute  a 
stability  diagram  (Figures)  showing  the  range  of 
unstable  frequencies  f  as  a  function  of  the  sircamwisc 
distance  x.  Let  us  consider  now  a  wave  which 
propagates  downstream  with  a  Fixed  frequency  f. 
This  wave  passes  at  first  through  the  stable  region  ; 
it  is  damped  up  to  xq,  then  amplified  up  to  xi,  and  it 
is  damped  again  downstream  of  x].  At  a  given 
station  x,  the  total  amplification  rate  of  a  spatially 
growing  wave  can  be  defined  as  : 

x 

ln(A/Ao)  =  J  o  dx  (3) 

’'O 

A  is  the  wave  amplitude  and  the  index  0  refers  to  the 
sircamwisc  position  where  the  wave  becomes 
unstable.  As  an  example,  figure  5  shows  total 
amplification  curves  corresponding  to  various 
frequencies.  The  dashed  line  represents  the  envelope 
of  these  curves,  which  will  be  called  n  : 

n  =  Max(ln  (A/Ap))  at  a  given  x  (4) 
f 

The  so-called  e"  method  was  developed 
independently  by  SMITH-GAMBERONI /1 1/and  by 
VAN  INGEN  /1 2/.  SMITH  and  GAMBERONI 
compared  the  theoretical  value  of  the  n  factor  with 
transition  locations  measured  on  airfoils ;  in  all 

cases,  transition  was  found  to  occur  when  n  =  9  ; 
this  means  that  turbulent  .spots  appear  when  the  most 
unstable  frequency  is  amplified  by  a  factor  c^.  The 
same  result  was  obtained  by  VAN  INGEN,  with  a 
slightly  lower  value  of  n  (7  to  8). 

The  c"  method  is  currently  used  for  the  case  of 
natural  transitions.  The  success  of  this  method  is 


certainly  due  to  the  Tact  that  many  experimental  data 
arc  obtained  in  wind  tunnels  where  the  disturbance 
environment  is  similar,  at  least  for  low  speed  Hows ; 
in  particular,  the  frccstrcam  turbulence  level  is 

usually  rather  low,  let  say  Tu  =  0.1  %.  For  larger 
values  of  Tu,  the  n  factor  at  transition  onset 
decreases.  MACK  /1 3/  suggested  an  empirical 
relationship  between  Tu  and  the  value  of  n  at  the 
transition  location : 

n  =  -  8.43  -  2.4  In  Tu  (5) 

For  Tu  <  10'^,  sound  disturbances  may  become  the 
factor  controlling  transition  rather  than  turbulence 
and  relation  (5)  may  give  poor  results.  On  the  other 

side,  if  Tu  =  2.98  lO'^,  relation  (5)  implies  that 
n  =  0,  i.c.  transition  occurs  at  the  critical  Reynolds 
number.  It  is  the  bypass  limit. 

b  -  Three-dimensional  and! or  compressible  flows 

Let  us  recall  that  it  is  now  necessary  to  take  into 
account  oblique  waves,  because  the  strcamwi.se 
direction  is  not  always  the  most  unstable  one.  Due  to 
the  appearance  of  this  additional  parameter,  several 
strategics  can  be  used  to  compute  the  n  factor,  sec 
discussion  in  /14/  for  instance.  The  numerical  rc.sults 
presented  in  this  paper  have  been  obtained  with  the 
so-called  envelope  method.  At  each  strcamwi.se 
location  and  for  a  Fixed  frequency,  the  disturbance 
growth  rate  is  maximized  with  respect  to  the 
wavenumber  direction,  i.c.  the  total  amplification 

rates  arc  computed  with  a(VM)-  In  other  words, 
relation  (3)  becomes ; 


X 

ln(A/Ao)  =  I  a(tj/M)dx  (6) 

’‘0 

with  o  (\)/m)  =  Max  (o) 

V 

The  e"  method  is  then  applied  as  in  two-dimcasional, 
incomprc.ssiblc  flows. 


2.2.  Applications  of  The  e"  Method 

a  -  AEDC  cone  in  free  flight  conditions 

This  10-dcg  sharp  cone,  1.1m  long,  was  mounted 
on  the  nose  of  an  F-15  aircraft  and  flown  at  Mach 
numbers  from  0.5  to  2,  and  at  altitudes  from  1  500 
to  15  000  m  ;  transition  was  delected  with  a  surface 
pitot  tube  which  was  displaced  along  a  cone  ray 
(FISHER  and  DOUGHERTY,  /1 5/).  As  a  typical 
example,  figure  6  shows  the  total  amplification  rates 
computed  for  four  frequencies  at  a  free  stream  Mach 
number  Moo  =  1.3  for  free  flight  conditions 
corresponding  to  a  unit  Reynolds  number  close  to 


Fig.  6  -  AEDC  cone  experiments  in  free  flight 
conditions 


10  10^.  The  measured  transition  onset  is  located  at 
X  =  0.55  m;  this  gives  a  value  of  the  n  factor  close 
to  9.  Similar  compulations  have  bt-cn  performed  for 
other  configurations ;  in  all  cases,  the  transition 
locations  were  correlated  with  n  lectors  between  9 
and  1 1,  so  that  it  can  be  assumed  that  the  value 
n  =  10  is  a  more  or  less  "universal"  value  for  free 
flight  conditions.  The  problem  is  to  know  if  similar 
values  can  be  reached  in  wind  tunnels,  i.e.  if  wind 
tunnel  experiments  can  properly  simulate  free  flight 
conditions. 


Fig.  7  -  CASTiO  airfoil  in  the  T2  wind  tunnel 


I 
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b  -  CAST  10  airfoil  in  the  T2  wind  tunnel 

The  c"  method  was  also  used  in  the  case  of  a  two- 
dimensional  airfoil  in  transonic  flow.  The 
experiments  were  carried  out  in  the  pressurized  T2 
wind  tunnel  of  CERT/ONERA  /16/.  The  model  is  a 
CASTIO  airfoil  with  a  chord  C  equal  to  0.18  m. 
Figure  7  shows  results  obtained  in  the  following 
conditions  ;  free  stream  Mach  number 
M  oo  =  C.73  :  angle  of  attack  =  0°  ;  chord 

Reynolds  number  Rc  =  4  10^.  The  upper  pan  of 
the  figure  shows  that  the  local  Mach  number  is  elosc 
to  1.  Two  theoretical  curves  are  presented  on  the 
lower  part  of  the  figure  ;  they  give  the  evolution  of 
the  n  factor  as  a  function  of  the  strcamwisc  distance. 
Curve  (a)  was  computed  by  solving  the  compressible 
stability  equations  ;  the  n  factor  is  about  9  at  the 
beginning  of  the  measured  transition  region.  This 
means  that  the  flow  quality  of  this  wind  tunnel  is 
rather  good,  since  the  value  of  n  is  close  to  the  value 
corresponding  to  free  flight  conditions.  Curve  (b) 
was  deduced  from  incompressible  stability 
computations,  i.e.  the  free  stream  Mach  number  was 
set  equal  to  zero.  The  stabilizing  effect  of 
compressibility  is  rather  strong,  since  it  reduces  the 
amplification  rates  by  a  factor  2  ! 

c  •  ON  ERA  D  airfoil  with  a  cambered  leading  edge 

The  next  example  is  a  three-dimensional,  low  speed 
configuration.  The  model  is  an  ONERA  D  airfoil 
equipped  with  a  cambered  leading  edge,  figure  8a. 
The  experiments  were  carried  out  in  the  FI  and  in  the 
F2  wind  tunnels  at  Lc  Fauga-Mauzac  Center  near 
Toulouse.  In  both  scries  of  experiments,  the  wing 
was  mounted  on  a  half  fuselage  with  an  angle  of 

sweep  <p  of  49°  and  an  angle  of  attack  of  -  2°.  Ten 
hot  films  were  used  to  detect  the  transition  location 
(figure  8b).  Detailed  results  in  the  F2  wind  tunnels 
can  be  found  in  /14/,  /17/. 


The  experimental  results  obtained  in  both  wind 
tunnels  arc  reported  on  figure  9,  where  the  transition 
location  is  plotted  as  a  function  of  the  free  stream 
velocity  Qoo.  These  results  are  compared  with 
theoretical  curves  associated  with  several  values  of 
the  n  factor.  It  appears  that  the  flow  quality  in  the  F2 

wind  tunnel  (n  ~  11  at  transition  onset)  is  slightly 

better  than  in  the  FI  wind  tunnel  (n  =  8  to  9  at 
transition  onset),  even  if  the  free  stream  turbulence 
level  Tu  is  practically  the  same  (Tu  =  0.1  %).  A 
spectral  analysis  of  the  free  siicam  velocity 
fluctuations  would  be  necessary  to  understand  these 
differences.  It  must  be  notii  .d,  however,  .hat  the 
flow  quality  in  both  facilities  is  good  enough  to  give 
a  satisfactory  simulation  of  the  free  flight 
environment. 


C  =  0.3  m 


Fig.  8  -  ONERA  D  airfoil  with  a  cambered  leading 
edge  -  a)  Airfoil  -  b)  Experimental 
arrangement  in  the  Tl  wind  tunnel 


Fig.  9  -  Comparison  between  predicted  and 
measured  transition  locations 
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d  -  Two-dimensional  flat  plate  flow  at  high  Mach 
numbers 

Systematic  stability  computations  have  also  been 
performed  for  flat  plate  flows  on  adiabatic  walls  for 
supersonic  and  hypersonic  Mach  numbers ;  the 
detailed  results  can  be  found  in  /1 8/.  Figure  10 


- Mack 

•f  Chen  and  Malik 


Fig.  10-  Application  of  the  e'' method  for  flat  plate 
flow  on  adiabatic  wall :  Mach  number 
effect 

shows  an  application  of  the  c"  method  illustrating  the 
effect  of  Mach  number  on  the  transition  Reynolds 
number.  The  stability  results  were  used  to  compute 
the  theoretical  strcamwisc  Reynolds  numbers 

Rx  =  which  correspond  to  diflcrcnt  values  of 
Vc 

the  n  factor.  The  dotted  lines  represent  theoretical 
results  given  by  Mack /19/ for  n  =  4.6  and  6,  and 
the  crosses  correspond  to  computations  performed 
by  Chen  and  Malik  /20/  for  Me  =  3.5  and  n  =  2.  4, 
6,  8  and  10.  If  it  is  assumed  that  transition  occurs  for 
a  fixed  value  of  the  n  factor,  each  curve  rcprc.scnts 
the  evolution  of  the  transition  Reynolds  number 
when  Me  increases. 

It  has  been  noticed  previously  that  the  value  of  n  at 
transition  onset  is  of  the  order  of  10  for  a  low 
disturbance  environment,  at  least  for  subsonic  or 
transonic  flows.  The  problem  is  to  know  if  similar 
values  of  n  are  observed  at  high  speeds.  The  solid 
symbols  in  figure  10  represent  experimental  data 
obtained  at  ONER  A  by  Juillcn  /21/ :  they  correspond 


to  low  values  of  the  n  factor,  between  2  and  4.  Many 
examples  could  be  given  for  illustrating  the  fact  that 
in  conventional  hypersonic  wind  tunnels,  the 
transition  Reynolds  numbers  are  several  times  lower 
than  those  which  arc  observed  in  flight  conditions. 
The  reason  of  these  discrepancies  are  now  well 
known  ;  in  the  conventional  wind  tunnels,  the 
transition  Reynolds  numbers  are  strongly  reduced  by 
the  noise  radiated  by  the  turbulent  boundary  layers 
developing  along  the  nozzle  walls.  As  a  laminar 
boundary  layer  is  less  noisy  than  a  turbulent  one,  a 
possible  solution  is  to  delay  transition  on  the  nozzle 
walls.  This  was  done  in  the  "quiet  tunnel"  developed 
at  NASA  Langley  with  a  free  stream  Mach  number 
Moo  =  3.5  /22/ ;  by  reducing  the  noise  level  by  one 
or  two  orders  of  magnitude,  n  factors  close  to  10 
were  obtained  on  cones  and  on  flat  plates. 


3  TRANSITIONS  INDUCED  BY 
BYPASS  MECHANISMS 

It  has  been  shown  in  the  previous  paragraph  that  the 
linear  .stability  theory,  associated  with  the  e"  method, 
can  give  a  fairly  satisfacto^  estimate  of  the  transition 
location,  provided  transition  is  triggered  by  the 
breakdown  of  instability  waves.  But  these  waves  no 
longer  appear  when  the  amplitude  of  the  forcing 
disturbances  is  too  large,  so  that  the  problem 
becomes  more  complex.  As  there  is  no  general 
bypass  theory,  it  is  necessary  to  develop  different 
criteria  for  each  type  of  bypass  (the  word  criterion 
must  be  interpreted  as  a  more  or  less  empirical 
correlation  between  boundary  layer  and  flow 
parameters  at  transition  onset).  In  this  paragraph, 
two  examples  of  transitions  induced  by  a  bypass 
process  are  described  ;  the  first  one  is  the  problem  of 
boundary  layer  tripping  by  large  roughness  elements, 
the  second  one  deals  with  leading  edge 
contamination. 


3.1.  Boundary  Layer  Tripping  By  Isolated 
Roughness  Elements 

We  first  consider  the  problem  of  boundary  layer 
tripping  by  large  roughness  elements  embedded  in  a 
supersonic  laminar  boundary  layer.  The  experiments 
have  been  performed  on  a  flat  plate  in  the  R2Ch  wind 
tunnel  at  Chalais-Mcudon  /23/.  Figure  1 1  presents  a 
typical  wall  visualization  of  the  flow  pattcm  around 
and  downstream  of  a  large,  three-dimensional 
roughness  element  (sphere).  A  group  of  horseshoe 
vortices  initiates  ahead  of  the  tripping  device  and 
develops  around  it.  The  "legs”  of  the  vortices  remain 
parallel  to  the  main  flow  direction  up  to  a  certain 
distance  L  from  the  roughness  element.  At  this  point, 
one  can  observe  the  onset  of  a  "turbulent"  wedge 
which  spreads  slowly  downstream.  The  exact 
mechanism  of  this  breakdown  is  not  very  well 
known. 
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"furbulent'" 


vortices  y  weciqe 


Fig.  II-  Example  of  wall  visualization  using 
thermosensitive  paint 


3.2.  Leading  Edge  Contamination 

To  introduce  the  notations,  figure  12  shows  a  sketch 
of  a  circular  cylinder  placed  at  a  sweep  angle  (p  with 
respect  to  the  incoming  flow.  The  frcc  stream 


When  the  roughness  size  k  increases  (for  fixed  wind 
tunnel  conditions),  the  distance  L  first  dccrca.scs. 
This  movement  can  be  described  by  the  empirical 
correlation  proposed  by  Potter  and  Whitfield  /24/. 
However,  as  k  exceeds  a  critical  value  keff  (effective 
roughness  height),  L  reaches  a  constant  value  Lmin 
which  depends  on  many  parameters  such  as  the 
Mach  number,  the  wall  temperature,  the  roughness 
location  ...  This  means  that  for  k  >  keff,  the  apex 
of  the  turbulent  wedge  remains  fixed  at  a  constant 
distance  Lmin  from  the  tripping  device. 


Van  Driest  and  Blumcr  125/  performed  a  scries  of 
experiments  in  order  to  deduce  empirical  correlations 
between  Rkcff,  Rxk  arc  the  Reynolds  numbers  based 
on  keff  and  the  roughness  clement  location  xk, 
respectively.  The  measurements  were  made  on  cones 
for  Me  between  1.9  and  3.6.5  ;  they  have  been 
correlated  with  the  following  relationship  : 


Rkeff=33.4 
-0.81 1^- 


.  7  -  * 

..2 

I  H-  2 

Me 

^aw  ■  Twl 

< 

Tc 

(7) 


Tc,  Tw  and  Taw  are  the  static  tempcralurc,  the  wall 
temperature  and  the  adiabatic  wall  temperature.  Vaii 
Driest  and  Blumcr  assumed  that  (7)  was  also 
applicable  to  flat  plates  by  using  Mangler's 
transformation,  which  simply  consists  in  replacing 

the  coefficient  33.4  by  33.4  (3)  =  44.  Vignau 

726/  demonstrated  that  the  modified  correlation 
largely  underestimates  the  effective  roughness  height 
for  flat  plate  flows,  because  Mangler’s 
transformation  is  valid  for  mean  flow  properties,  but 
it  cannot  be  used  for  stability  and  transition 
problems. 


Fig.  12  -  Attachment  line  flow  on  a  swept  cylinder 


velocity  Qoo  has  a  component  Uoo  =  Qoocostp 
normal  to  the  leading  edge  and  a  component 
Woo  =  Qoosimp  parallel  to  the  leading  edge.  Z  is  the 
spanwi.se  direction  and  X  the  direction  normal  to  it. 
X  =  0  corresponds  to  the  atttachment  line,  which  is 
a  particular  streamline  which  separates  the  flow  into 
one  branch  following  the  upper  surface  and  another 
branch  following  the  lower  surface.  If  it  is  assumed 
that  the  potential  flow  does  not  exhibit  any  spanwisc 
variation,  the  frcc  stream  velocity  components  Ue 
and  Wc  in  the  X  and  Z  directions  arc  given  by  ; 

Uc  =  kX  (8a) 

Wc  =  Woo  =  constant  (8b) 

If  this  cylinder  (or  a  swept  wing  the  leading  edge  of 
which  can  be  represented  by  such  a  cylinder)  is  in 
contact  with  a  solid  wall  (fuselage,  wind  tunnel 
wall  ...),  it  has  been  observed  that  the  large 
turbulent  structures  coming  from  the  wall  may 
develop  along  the  attachment  line  :  it  is  the  so-called 
leading  edge  contamination. 

A  leading  edge  contamination  critcrio.n  was  proposed 
by  Pfcnninger/27/and  then  verified  by  many  authors 
(/2il,  /29/  for  instance).  It  is  based  on  the  value  of  a 
Reynolds  number  R  defined  as  ; 


R  =  WefiA',  with  T|  =  (vA)*^  (9) 

For  R  >  250,  leading  edge  contamination  occurs : 
the  turbulent  structures  coming  from  the  wall  become 
self-sustaining ;  they  develop  in  the  spanwi.se 
direction  as  they  arc  convected  along  the  leading  and 
the  whole  wing  can  be  contaminated.  They  arc 
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damped  and  disappear  for  R  <  250  ;  in  this  case, 
the  attachment  line  flow  remains  laminar.  The  leading 
edge  contamination  process  is  an  example  of  bypass 
in  this  sense  that  the  value  R  =  250  is  much  lower 
than  the  linear  critical  Reynolds  number  of  the 
attachment  line  boundary  layer  which  is  close  to  600. 

To  illustrate  the  leading  edge  contamination  proccs.s, 
we  present  typical  results  obtained  by  Amal  and 
Juillen  in  the  FI  wind  tunnel  at  Lc  Fauga-Mauzac 
Center  /30/.  The  wind  tunnel  speed  can  be  varied 
from  0  to  about  100  ms"^.  The  .stagnation 
temperature  is  the  ambient  temperature,  but  the 
stagnation  pressure  Pj  can  be  prescribed  between  1 
and  3  bars. 


C.0,5  m 


Airfoil 


7 - 

E 

10  m  1 

Test  section  ( FI  wind  tunnel ) 


Fig.  13  -  Experimental  setup  in  the  FI  wind  tunnel 


Figure  13  shows  the  shape  of  the  airfoil  as  well  as  a 
sketch  of  the  experimental  arrangement.  The  model  is 
a  RA16SC1  airfoil.  The  chord  normal  to  the  leading 
edge  is  constant  and  equal  to  0.5  m.  The  wing  is 
directly  mounted  on  the  wind  tunnel  floor ;  the 
thickness  of  the  floor  turbulent  boundary  layer  is 
about  10  cm.  With  a  40°  sweep  angle,  the  tip  of  the 
model  is  2  m  above  the  floor. 

The  upper  part  of  figure  14  shows  the  location  of  the 
four  hot  films  (labeled  A,  B,  C  and  D)  which  were 
used  to  detect  leading  edge  contamination.  They  were 
glued  on  the  lower  side  of  the  wing,  at  one  or  two 
percent  chord  from  the  attachment  line.  The  wind 
tunnel  speed  was  progressively  increased  in  order  to 
determine  accurately  the  leading  edge  contamination 
onset.  The  results  which  are  described  below  were 

obtained  for  <p  =  40°,  a  =  10°,  Pj  =  1  bar  (a  is 
the  angle  of  attack). 

The  lower  part  of  figure  14  presents  typical  hot  film 
signals  recorded  for  Qoo  =  35  ms'^ ;  these  signals 
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Fig.  14-  Hot  films  outputs  (Qco  =35ms-J) 
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Fig.  15  -  Hot  films  outputs  (Qoo  =  61  ms’^) 
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represent  the  wall  shear  stress  fluctuations  The 

hot  film  A  exhibits  turbulent  fluctuations  which  are 
generated  by  the  floor  turbulent  boundaiy  layer  in 
which  the  sensor  is  embedded,  but  the  other  three 

signals  arc  of  the  laminar  type.  For  Qoo  =  61  ms'^ 
(figure  15),  turbulent  structures  are  observed  on 
film  B.  The  number  of  these  "spots"  decreases  from 
film  B  to  film  C,  then  it  remains  constant.  The 
signals  delivered  by  films  C  and  D  are  essentially 
characterized  by  the  spreading  of  the  spots  which 
develop  along  the  leading  edge  ;  it  is  the  begitming 
of  leading  edge  contamination.  When  the  wind  turmei 
speed  increases  from  61  to  64  ms a  comparison 
between  figures  15  and  16  reveals  a  rapid  increase  in 
the  number  of  turbulent  spots.  For  Qoo  =  95  ms**, 
all  signals  have  a  ftilly  turbulent  character. 

Similar  measurements  were  done  for  several 
combinations  of  tp,  a  and  Pi.  The  result  is  that 
leading  edge  contamination  appears  for 
R  =  251  ±  11,  and  that  the  leading  edge  is  fully 

turbulent  for  R  =  318  ±  22.  These  values  are  in 
pod  agreement  with  those  given  by  other 
investigators. 

This  rather  simple  criterion  is  valid  for 
incompressible  flows  only.  Poll  /31/  made  an 
extension  to  compressible  flows  by  introducing  a 

transformed  Reynolds  number  R  *  which  has  the 

same  definition  as  R  ,  except  that  the  kinematic 

viscosity  is  replaced  by  v*  which  is  computed  at  a 
reference  temperature  T*.  The  validity  of  this 
criterion  was  checked  by  Da  Costa  /32/  and  also  by 
Amal  ct  al  /33/. 

it  must  be  kept  in  mind  that  leading  edge 
contamination  is  the  first  problem  :o  solve  for 
maintaining  laminar  flow  over  a  wing :  if  the 
attachment  line  boundary  layer  is  turbulent, 
turbulence  wilt  spread  over  the  whole  wing,  and  the 
benefits  of  laminar  flow  control  systems  will  be  lost. 

Poll  suggested  also  that  leading  edge  contamination 
was  responsible  for  transition  on  the  windward  face 
of  the  Columbia  space  shuttle  during  reentry  /31/. 


4  CONCLUSION 

This  paper  demonstrated  that  the  problems  associated 
with  boundary  layer  transition  are  numerous  but  that 
many  of  them  can  be  satisfactorily  solved  for 
practical  applications. 

On  the  theoretical  point  of  view,  the  linear  stability 
theory  constitutes  a  very  efficient  tool  to  understand 
the  fundamental  mechanisms  leading  to  a  "natural" 
transition  in  a  low  disturbance  environment.  But  the 
key  problem  lies  in  the  understanding  of  the 
receptivity  mechanisms  and  the  exact  relation 
between  instability  and  transition  is  not  very  well 
known  ;  these  issues  are  fairly  well  documented  for 
low  speed,  two-dimensional  flows,  but  very  little  is 
known  about  the  receptivity  and  the  non  linear 
mechanisms  of  compressible  and/or  three- 
dimensional  flows.  We  can  expect  that  direct 
numerical  simulations  would  provide  us  with 
interesting  information  in  the  next  future. 

Even  if  all  the  transition  mechanisms  are  not 
completely  explained,  practical  prediction  methods 
need  to  be  developed.  In  the  case  of  "natural" 
transition,  the  e"  method  gives  surprisingly  good 
results  to  "predict"  transition  onset.  This  technique 
can  also  be  used  to  give  a  measure  of  the  flow  quality 
in  ground  facilities  by  comparing  the  value  of  the  n 
factor  deduced  from  wind  tunnel  experiments  with 
that  which  is  obtained  in  free  flight  conditions.  Good 
simulations  can  be  achieved  in  low  speed  and 

transonic  facilities  (n  =  10),  but  high  speed  wind 
tunnels  cannot  duplicate  free  flight  conditions  due  to 
the  noise  radiated  from  the  nozzle  walls. 

If  the  breakdown  to  turbulence  occurs  without 
resorting  to  linear  processes  (bypass),  the  e"  rule  no 
longer  applies,  but  empirical  correlations  are 
available  for  design  purposes.  Two  typical  examples 
have  been  discussed  in  this  paper  (boundary  layer 
tripping  by  isolated  roughness  elements  and  leading 
edge  contamination).  Fundamental  experiments  need 
to  be  performed  in  order  to  reach  a  more  unified 
approach  of  these  problems.  Let  us  note  that  wind 
tunnel  experiments  dealing  with  bypass  mechanisms 
arc  certainly  representative  of  flight  conditions,  even 
for  high  speed  flows.  This  is  due  to  the  fact  that  the 
large  disturbances  which  trigger  transition 
overwhelm  the  effects  of  the  residual  fluctuatiorts 
which  arc  naturally  present  in  the  free  stream.  In 
other  words,  the  flow  quality  is  of  less  importance 
than  for  "natural"  transitions. 
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SUMMARY 

Results  from  systematic  wind  tunnel  tests  of  the 
dynamic  roll  behavior  of  a  65*  swept  delta  wing  at 
moderate  (15*  to  35*)  angles  of  attack  are  reviewed. 
These  tests,  conducted  in  both  the  lAR  2  x  3  m  low- 
speed  wind  tunnel  and  the  7  x  10  fit  SARL  facility  at 
\^AFB,  included  static,  forced  oscillation  and  firee-to- 
roll  experiments  with  How  visualization.  Multiple  stable 
trim  points  (attractors)  for  body-axis  tolling  motions  and 
other  hard-to-explain  dynamic  behavior  were  observed. 
These  data  are  examined  in  light  of  the  nonlinear 
indicial  response  theory  advanced  by  Tobak  and  his 
colleagues.  The  current  analysis  shows  that  force  and 
moment,  free-to-roU  motion,  and  flow  visualization  data 
all  confum  the  existence  of  "critical  states"  with  respect 
to  the  static  roll  angle.  When  these  singularities  are 
encountered  in  a  dynamic  situation,  large  and  persistent 
transients  are  induced.  Conventional  means  of 
representing  the  iwnlinear  force  and  moments  in  the 
equations  of  motion  ate  shown  to  be  inadequate  in  these 
cases.  Alternative  approaches  based  on  simplification 
of  the  nonlinear  indicial  model  ate  briefly  discussed. 

LIST  OF  SYMBOLS 

b  wingspan  (ft) 

C, .  nondimensional  body-axis  rolling  moment 

and  pitching  moment  coefficients 
k  reduced  frequency,  i.e.  (obfZU^ 

i  time  (seconds) 

(/.  freestieam  velocity  (ft/sec) 

^  body-axis  toll  anj^  (deg) 

X  time  at  step  onset  (sec) 

(0  circular  firequency  (rad/sec) 

1.  INTRODUCTION 

Dynamk;  coupling  between  aircraft  motion  and 
aerodynamic  forces  and  moments  acting  on  the  aircraft 


is  at  the  heart  of  the  stability  and  cmitrol  problem. 
Realistic  representations  of  these  interactions  are 
prerequisite  for  aircraft  and  flight  control  system  design 
and  evaluation.  Maintaining  suflicient  fidelity  in 
aenxlynamic  models  (for  the  equations  of  motion)  has 
become  an  increasingly  difficult  problem  in  the  face  of 
flight  envelope  expansion. 

1.1  Mathematical  Modeling 

A  theoretical  method  for  studying  the  nonlinear  aspects 
of  the  fli^t  dynamics  problem  has  been  under 
development  by  Tobak'  and  his  colleagues  since  the 
1960s.  Their  initial  approach^  introduced  two  important 
new  concqits:  (1)  a  nonlinear  indicial  response  and  (2) 
a  generalized  superposition  integral.  As  with  linear 
indicia]  response  methods,  the  idea  is  to  r^resent 
%rodynamic  responses  (force  or  moment)  due  to 
arbitrary  motion  inputs  as  a  summation  of  responses  to 
a  series  of  "step"  motions.  The  nonlinear  indicial 
response,  as  opposed  to  its  linear  counterpart,  accounts 
for  changes  iixluced  by  the  motion  history  leading  up  to 
step  onset.  Under  a  wide  variety  of  circumstances,  the 
summation  of  indicial  responses  approaches  the 
generalized  superposition  integral  in  the  limit 

Subsequently,^^  results  from  the  growing  body  of 
nonlinear  dynamical  system  theory  were  used  to  greatly 
strengthen  the  model.  The  key  idra  of  these  extensions 
has  been  to  accommodrne  die  existence  of  "critical 
states,”  i«.,  specific  values  of  the  motion  variaUes 
where  discrete  changes  in  siatic  aerodynamic  behavior 
occur.  These  are  singular  points  that  require  special 
handling  in  the  sqierposition  integiaL  Critical  states 
are  important  because  potentially  large  and  persistent 
transient  effects  can  be  anticipated  when  they  are 
encountered  in  a  dynamic  situation. 

Truong  and  Tobak''  have  also  demonstrated  that,  for 
static  aerodynamic  characteristics  that  are  dme-invariant. 
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the  nonlinear  indicial  response,  together  with  the 
generalized  superposition  integral,  can  be  derived 
directly  from  the  Navier-Stokes  equations.  Thus  not 
only  does  the  theory  have  a  sound  mathematical  basis, 
the  physics  of  the  aerodynamic  contribution  are 
ctqjtured  as  well  There  is  stUl  much  work  to  be  done, 
especially  for  cases  involving  dme-dependent 
equilibrium  states.  However,  the  theory  is  rich  in  its 
ability  to  represent  a  wide  range  of  physically  realizable 
nonlinearities. 

Independendy,  Hanff*  proposed  the  "reaction 
hypersurface"  model.  As  opposed  to  the  time-domain 
indicial  response  model,  the  hypersurface  is  expressed 
in  terms  of  a  set  of  independent  variables  consisting  of 
the  instantaneous  values  of  the  motion  variables  and 
their  time  derivatives.  It  was,  at  its  inception,  designed 
to  be  experimentally  based  and  primarily  intended  for 
simulations  of  airoaft  motion  in  nonlinear  settings 
where  the  classical  stability  derivative  approach  breaks 
down.^  More  recent  worir*  has  been  aimed  at 
establishing  the  theoretical  connection  between  the 
reaction  hypersurface  and  nonlinear  indicial  response 
models. 

1,2  Experimental  Investigations 

Experiments  designed  to  study  either  of  these 
mathematical  models  demand  a  dynamic  test  capability 
(including  an  appropriate  data  reduction  system)  that  can 
efficiently  collect  the  necessary  nonlinear  and  time- 
dependent  data.  A  large-amplitude  high-rate  roll 
oscillation  system,’  developed  by  the  Canadian  Institute 
for  Aerospace  Research  (lAR),  meets  these 
requirements. 

Hanff  and  S.  B.  Jenkins’’  used  this  rig  to  study  the  roll 
dynamics  of  both  a  63’  delta  wing  and  a  80’-6S’ 
double-delta  wing  at  the  lAR.  Their  experiments 
produced  some  extremely  interesting  results  which 
require  further  explanation. 

The  65*  delta  wing  configuration  was  found  to  have 
multiple  stable  trim  points  in  toll  (dqiending  on  roll- 
axis  inclination)  as  reported  by  Hanff  and  Ericsson." 
Attractor  locations  found  in  these  tests  are  shown  in 
Table  I.  They  argue  (based  on  an  analysts  of  the  static 
rolling  moment  data  at  30*  incidence)  that  asymmetric 
vortex  breakdown,  induced  by  differing  effective  sweep 
angles  on  each  wing  pand,  is  the  toot  cause.  However, 
the  dynamic  behavior  observed  in  "free-to-toU* 
experiments  is  harder  to  exfdain,  although  Hanff  and 
Huang"  have  shown  that  the  instantaneous  loads  ate 
largely  driven  by  the  dynamics  of  leading-edge  vortex 
breakdown. 

In  ftee-io-roil  tests,  the  model  is  given  an  initial  roll 
di^lacement,  then  released  by  disengaging  a  remotely 
actuated  clutch.  The  model  is  then  free  to  roll  about  its 
body  axis,  restrained  only  by  a  small  amount  of  bearing 


Tablet 

Roll  Attractor  Locations 


Sting  Angle  (deg) 

Roll  Angle  (deg) 

20 

0 

25 

ll.5l 

30 

0.121 1 

35 

111) 

40 

0 

friction  in  this  degree-of-fieedom.  The  resulting  roll 
motion  time-history  is  recorded.  For  the  lAR  tests, 
mass  was  added  to  the  moving  part  of  the  sting  to 
increase  its  roll-axis  moment  of  inertia.  This  was  done 
to  ensure  that  the  free-to-roll  responses  were  in  the 
sante  frequency  range  as  the  f<»ce  measurements  (about 
7  Hertz). 

Two  free-to-roll  time  histories  for  the  6S*  configuration 
at  30*  incidence,  plotted  in  the  phase  plane,  are  shown 
in  Fig.  1  (taken  from  Ref.  8).  Note  that  the  trajectory 
for  the  -66*  release  angle  (solid  curve)  finds  the  stable 
equilibrium  point  at  about  0*  roll,  while  the  57*  release 
trims  at  about  21*.  Both  trajectories  pass  quite  close  to 
attractors  (21*  and  0*  reqtectivdy)  with  very  low  ratt» 
but  do  not  trim  there.  This  behavior  was  highly 
repeatable.  Furthermore,  the  trajectories  iniersea  at 
several  points.  Similar  intersections  of  phase-plane 
trajectories  (for  wing-rock  motions)  have  been  observed 
only  when  vortex  breakdown  occurs  over  the  wing.^^ 
Clearly,  some  phenomenon,  not  explicitly  accounted  fw 
in  the  two-dimensional  phase-plane  representation, 
affects  the  motion.  Persistent  motion  history  effects, 
perhaps  related  to  vortex  breakdown  dynamics,  that 
require  mme  than  a  knowledge  of  the  instantaneous  roll 
angle  and  rdl  rate  are  a  strong  possibility. 


Figura  1.  Frac-to-Roli  TraJcdoriM 

Finally,  forced  oscillation  motions  about  zero-mean  toll 
angle  tended  to  produce  distinctively  diffeiem  rolling- 
moment  teqtonses  than  those  measured  for  motions  with 
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non-zero  mean  roil  angles.’**  An  analysis  of  the  static 
and  dynamic  force  data*  suggested  that  this  behavior 
could  be  explained  by  the  existence  of  critical  states. 
This  view  was  supported  by  evidence  of  extremely  large 
and  persistent  transients  foUowing  encounters  with  the 
suspected  critical  states.  Static  and  dynamic  effects 
were  of  the  same  order.  Transients  were  seen  to  persist 
for  at  least  a  quarter  cycle  at  Jb  =  0.08. 

Follow-on  wind-tunnel  tests,  using  the  65*  delta-wing 
configuration,  were  conducted  in  the  SARL  facility  at 
Wright-Patterson  AFB.  These  were  designed  to  confirm 
the  lAR  results  and  to  further  investigate  the  behavior 
discussed  above. 

In  this  paper,  relevant  aspects  of  critical  state  theory  are 
discussed.  An  overview  of  the  SARL  tests  is  presented 
and  SARL  data  confirming  the  existence  of  roll-motion 
critical  states  are  briefly  reviewed.  Significance  of  these 
findings  to  aerodynamic  modeling  for  application  to 
aircraft  simulation  and  analysis  are  addressed  in  the 
final  sections. 

2.  Critical  States  •  Theoretical  Basis 

Some  key  properties  of  the  nonlinear  indicial  response, 
pertaining  to  the  present  discussion,  are  summarized 
below.  The  interested  reader  is  referred  to  Refs.  1,  3 
and  4  for  a  complete  development  of  the  theory. 

1.  The  nonlinear  indicial  response  (NIR)  is 
represented  mathematically  as  a  functional  (to 
incorporate  the  motion  history  effect). 

2.  The  NIR  is  a  derivative  (called  the  Fr&het 
derivative)  of  the  functional  representing  an 
aerodynamic  response  in  terms  of  its  motion  history. 
It  is  the  limit,  as  input  step  height  goes  to  zero,  of 
the  incremental  response  (due  to  the  step  input) 
divided  by  step  height.  Following  Toby’s 
notation,'  the  rolling  moment  due  to  an  infinitesimal 
step  in  roll  angle  is  written 

C,it)  - 

where: 

a)  square  brackets  denote  a  functional, 

b)  the  first  argument  is  the  independent 
function  defining  the  motion  history  (roll 
angle  in  this  case),  and 

c)  arguments  following  the  semi-colon  give, 
respectively,  the  times  at  which  (1)  the 
response  is  to  be  evaluated  (observed)  and 
(2)  the  step  motion  was  initiated. 

Therefore,  the  function  ^)  is  to  be  interpreted  as 
the  motion  history  from  r  a  -«<>  to  step  onset,  t,  and 


the  motkn  is  to  be  held  constant  at  0(t)  thereafter. 

3.  If  the  Frichet  derivative  exists  everywhere  on  a 
time  interval  (i.e.,  for  the  range  of  motion  variables 
encountered  on  that  interval)  the  generalized 
superposition  integral  nuty  be  used  to  construct  the 
net  aerodynanuc  response  over  the  intervaL  Thus, 

f 

C,U)  -  C,t*(4);r.0)  +  fc,  [()»(4);r.t]41dt 

FoUowing  the  notaticm  introduced  above,  the  first 
term  on  the  RHS  is  the  roUing  moment  at  time  t 
resulting  firom  the  roU-angle  variation  4*^)  which  is 
the  motion  hisuny  prior  to  ^  a  0,  and  is  held 
constant  at  <|i(0)  for  all  4  ^  0.  The  functional  in  the 
second  term  is  the  NIR,  as  defined  above.  In  this 
case,  X  is  the  variable  of  integration  and  the  time  at 
step  onset.  Thus,  the  integral  sums  the  effects  of  all 
indicial  responses  over  the  interval  0  to  (. 

4.  If.  on  the  other  hand,  there  are  specific  points, 
T^.  within  the  interval  where  Frdchet  differentiability 
is  lost  (with  a  corresponding  critical  state,  the 
integration  may  not  be  carried  beyond  the  instant  at 
which  a  critical  state  is  encountered  without 
acknowledging  the  existence  of  the  singularity. 

5.  Loss  of  Fi6chet  differentiability  is  handled  by 
aUowing  the  response  to  change  discretely  to  a  new 
state.  Thus  the  integral  must  be  split  to  isolate  the 
critical  state,  i.e., 

C,(i)  - 

♦  fc,[4»(^);t.xl4^dx  (I) 

J  *  dx 

r 

>  fc,  t4»(4);t.xl4^dx  ♦AC,(t;«,). 
t/..  dx 

where 

AC,(r;4>e)  =  C,[«(0;f,T,+€]  (2) 

-C,[4»(4):t.x,-e) 

AC„  as  given  by  Eq.  (2),  is  the  transient  response 
associated  with  Note  that  it  depends  on  the 
motion  history  fiom  -«>  to  just  beyond  x,. 
However,  its  effect  persi^  for  times  t  >  x^ 

6.  Frtichet  diCTeremiabiUty  may  be  lost  in  several 
ways.'  A  very  important  case  is  when  time- 
invariant  equiUbrium  flows  lose  their  analytic 
dependence  on  a  motion  parameter.  There  are  at 
least  tvro  ways  this  can  happen: 
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(1)  The  static  aerodynamic  reqxnse  can 
develop  a  fold  at  a  critical  value  of  the 
parameter  Qxrssibly  an  indirect  result  of 
bifurcation).  The  response  slope  becomes 
infinite  at  the  fold,  invalidating  the  Frfchet 
derivative. 

(2)  There  can  be  a  change  in  flow  topology  (a 
change  in  the  number  of  singular  points  in 
either  the  external  flow  or  in  surface  skin- 
friction  lines)  when  the  motion  parameter 
reaches  a  critical  value.  Tob^  et  al.* 
anticipate  that  not  cmly  will  the  equililmum 
response  cease  to  be  analytically  dependent 
on  the  motion  parameter  at  such  points,  but 
there  will  also  be,  ”a  significant  increase  in 
the  time  required  for  the  ...  response  to 
reach  a  new  equilibrium  state." 

Row-field  structure  changes  ate  evident  at  the  critical 
state  in  both  cases.  However,  there  is  no  net  change  in 
the  number  of  flow-field  singular  points  at  a  fold  (e.g., 
an  asymmetric  vortex  system  could  be  replaced  by  one 
of  opposite  sense  at  a  bifurcation  point). 

3.  THE  SARL  EXPERIMENTS 

lAR's  high-amplitude  high-rate  roil  apparatus  was  used 
for  the  SARL  tests.  These  experiments  were  conducted 
by  Hanff  and  his  lAR  colleagues  solely  with  the  65’ 
delta  wing  configuration  (Fig.  2). 

A  comprehensive  safes  of  tests  was  conducted 
involving  over  800  nuis.  Types  of  data  taken  along 
with  the  range  of  test  conditions  are  summarized  in 
Table  Q.  Since  SARL  is  an  open-return  atmospheric 
tunnel,  the  lAR  Mach  number,  Reynolds  number,  and 
reduced  frequencies  could  not  be  matched 
simultaneously.  However,  test  conditions  were  chosen 
to  match  those  at  the  lAR  as  closely  as  possible.  Since 
model  support  systems  for  the  two  facilities  ate  quite 
different,  the  very  good  data  correlation  between  tunnels 
at  the  low-speed  condition  eliminated  the  possibility  of 
significant  sting  interference  eflects. 
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Dynamic  force  and  moment  measurements  were  taken 
with  the  model  forced  in  constant  amplitude  harmonic 
motion.  Data  were  taken  at  4.4  and  7.7  Hertz  (it  s  0.08 
and  0.14)  to  match  lAR  conditions.  The  lAR  test 
results  at  these  frequencies  showed  little  tendency  to 
"track"  the  static  data  whenever  the  motion  included 
small  roll  angles.'  Therefore,  in  the  SARL  experiments, 
dynamic  tests  were  also  conducted  at  1.1  Hertz  (k  = 
0.02)  to  determine  how  these  very  large  dynamic  effects 
approach  quasi-steady  behavior  at  low  reduced 
fri«iuency. 

In  addition,  laser-sheet  flow  visualization  data  were 
taken  using  a  high-speed  video  camera.  Thus,  a 
comprehensive  data  set  that  allows  a  coordinated  study 
of  vortex  dynamics  (including  breakdown)  and  the 
resulting  unsteady  aerodvnamic  forces  and  moments  was 
created. 


Table  II 

SARL  Test  Conditions 


Test  Type 

RoU  Offset 
(deg) 

Amplitude 

(deg) 

Frequency 

(Hz) 

Total  AOA 
(deg) 

Static  Force 

-70  to  70 

NA 

NA 

15,  30,  35 

Dynamic  Force 

0to42 

5  to  40 

1.1,  4.4,  7.7 

MBEMm 

Free-to-RoU 

-65  to  65 

NA 

"7.7" 

30,  35 

How  Vis. 

0  to  42 

5  to  40 

0,  1.1,  4.4,  7.7 

30,  35 
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Free-to-roll  experiments  were  also  repeated  in  the  S  ARL 
tunnel.  These  data  provide  an  independent  check  on  the 
accuracy  of  the  dynamic  force  measurements  (and  the 
mathematical  model  used  to  represent  them)  since  the 
measured  forces,  together  with  the  known  model/test-rig 
inertia,  can  be  used  U)  "predict"  the  free-to-roll  motion. 

4.  EVIDENCE  ■  CRITICAL  STATE  EXISTENCE 

The  most  important  results  (confirming  critical  states  for 
the  65*  delta  wing)  based  on  an  analysis  of  the  SARL 
data  are  summarized  below.  A  more  extensive 
description  of  the  analysis'*  has  been  submitted  (for 
consideration)  to  the  31“  AIAA  Aerospace  Sciences 
Meeting  to  be  held  in  January  1993.  All  data  discussed 
in  this  section  were  taken  at  the  same  condition  (0.3 
Mach  number  and  30’  roll-axis  inclination). 

Based  on  the  theory  presented  in  Section  2,  critical 
states  should  exhibit  the  following  properties: 


Two  important  events  are  noted: 

(1)  The  vortex  breakdown  point  at  <^  =  5* 
(triangular  symbol)  departs  significantly  from  the 
linear  behavior  shown  by  the  rest  (circles). 
Thus,  breakdown  location  is  seen  to  be  a  strong 
(perhaps  discontinuous)  function  of  static  roll 
angle  in  the  4  to  S  degree  range.  For  <t>  greater 
than  5  degrees  the  breakdown  point  is  well  aft  of 
the  trailing  edge. 

(2)  Vortex  breakdown  teaches  the  wing  vertex 
at  about  =  -13  degrees,  as  suggested  by  an 
extrapolation  based  on  the  linear  regression  (see 
Fig.  3). 


When  the  leading-edge  vortex  smicture  on  both  wings 
is  considered,  the  conditions,  1 4>  I  *■  5*  and  13’,  are 
strong  critical  state  possibilities. 


(1)  Static  flow  visualization  studies  should 
show  a  change  in  flow  structure  at  the 
critical  state. 

(2)  Static  data  should  exhibit  non-analytic 
behavior  across  critical  states;  i.e.,  there 
should  be  discontinuities  in  the 
force/moment  curves  and/or  their 
derivatives  with  respect  to  the  motion 
variable.  Discontinuities  are  located  at  the 
critical  states. 

(3)  Transient  effects  should  be  observed 
following  dynamic  critical-state  encounters. 
The  transient,  AC,  in  Eqs.  (1)  and  (2),  will 
in  general  depend  on  motion  history. 

4.1  Static  Flow  Visualization  Results 


Vortex  breakdown  locations  for  the  left  wing  as  a 
function  of  roll  angle,  (from  Hanff  and  Huang)'^  are 
shown  in  Fig.  3. 


Figur*  3.  VortM  Braakdown  Location 
(Lett  Wing) 


The  first  pair,  1 4)  I  **5’,  must  be  considered  because 
a  "jump"  in  vortex  breakdown  position  on  the  lee  wing 
would  cause  a  discontinuous  force/moment  response. 
Note  that  the  corresponding  windward  wing  vortex- 
breakdown  movement  is  both  well  behaved  and  small, 
as  shown  in  Fig.  3  (the  change  from  <))  *  -4’  to  -5’). 

When  breakdown  reaches  the  wing  vertex,  the  axial- 
flow  stagnation  point  in  the  vortex-core  is  lost'’. 
Therefore  the  second  pair  is  almost  certainly  a  critical 
state  (flow  topology  change).  The  precise  roll  angle 
where  this  occurs  is  unknown  (13’  is  based  on  a  linear 
extrapolation  of  Hanffs  data). 

4.2  Static  Force  Data 

Roiling  moment  coefficient  vs.  roil  angle  is  presented  in 
Fig.  4a.  Also  shown  are  critical  state  locations 
corresponding  to  both  conditions.  For  clarity  only  those 
for  (>  >  0  are  given.  Note  the  steep  slopes  between 
Ul  =4’  andl4»|  =  5’.0 
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FIgura  4a.  Static  Rolling  Momant 
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Figure  4b.  Static  Pitching  Moment 


Figure  Sa.  Dynamic  Roiling  Moment 


Moreover,  Fig.  4b  (pitching  moment  vs.  roll  angle) 
reinforces  the  notion  that  there  is  a  discontinuity 
between  these  points.  Thus,  the  static  behavior  of  both 
moment  coefficients  supports  the  notion  that  1 0 1  **  S* 
represents  a  critical-state  pair.  Similar  observations 
concerning  the  critical  states  at  about  13*  are  not 
possible  because  of  the  gap  in  static  data  for  roll  angles 
between  7*  and  14*.  Further  static  testing  is  required  to 
determine  the  behavior  in  this  region. 

4J  Dynamic  Force  Data 

Previous  analyses*  of  lAR  dynamic  data  for  this 
configuration  suggested  that  there  was  at  least  one 
critical  state  at  these  conditions.  "Significant"  dynamic 
effects  were  observed  when  the  rolling  motion  included 
"small"  roll  angles. 

Dynamic  force  data  taken  at  both  facilities  (lAR  and 
SARL)  are  "steady-state"  responses  to  harmonic  motion, 
i.e.,  starting  transients  have  dissipated  and  the  data  for 
each  cycle  are  repeatable.  If  the  aerodynamic  responses 
are  slow  compared  to  the  period  of  the  motion,  the 
measurements  are  an  aggregate  of  effects  initiated 
during  earlier  cycles.  Under  these  conditions, 
significant  phase  and  amplitude  variations  with 
frequency  are  observed.  Furthermore,  at  "high" 
frequencies,  the  effects  of  events  occurring  at  discrete 
points  during  each  cycle  (e.g.  critical  state  encounters) 
can  be  masked  by  the  lingering  responses  from  previous 
cycles.  This  was  the  case  with  the  lAR  dynamic  data. 

SARL  dynamic  rolling-momait  data  taken  for  a  12* 
amplitude  body-axis  rolling  motion,  centered  about  a 
mean  roil  angte  of  14*,  is  presented  in  Fig.  5a  The 
abscissa  is  the  argument  of  the  cosine  function  (tor) 
which  defines  the  motion,  llius,  precisely  one  cycle  of 
motion  is  presented  regardless  of  frequency.  Dynamic 
data  taken  at  three  frequencies  (1.1, 4.4  and  7.7  Hertz.) 
are  shown.  In  addition,  the  roll-angle  time  history  and 
static  data  rolling  moment  data  (plotted  as  a  function  of 
the  instantaneous  roll  angle)  are  presented  in  this  figure 
for  reference. 


^'oie  the  dramatic  differences  in  wave  form  between 
responses  at  the  two  highest  frequencies  and  the  1.1 
Hertz  data  (where  distinct  transients  originating  at 
critical  states  become  more  apparent).  The  critical  state 
encounter  at  an  cut  of  about  9S*,  =  13,  is  readily 

discernable.  Later  in  the  cycle,  where  transient  effects 
overlap,  a  positive  identification  of  other  critical  states 
is  more  difficult. 

Significantly,  responses  for  all  three  frequencies  follow 
the  static  data  closely  for  qm  in  the  range  0  to  about  95* 
(26*  >^>  13*),  then  depart  from  the  static  curve.  Note 
that  the  "dynamic  overshoot"  (from  the  static  response 
at  the  6  =  13*  critical  state)  increases  with  frequency. 
Also,  the  slopes  of  the  dynamic  responses  just  beyond 
the  critical  state  are  equal  for  all  three  frequencies 
Since  the  independent  variable  in  this  plot  is  w,  the 
initial  part  of  the  transient  (AQ  is  proptxtional  to  o). 
AC,  clearly  depends  on  the  motion  history  leading  up  to 
the  critical  state. 
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In  addition,  all  three  responses  ^roach  the  suitic 
values  at  the  end  of  the  cycle,  the  deviation  increasing 
with  frequency.  Thus,  the  tolling-moment  responses  are 
essentially  quasi-steady  when  transients  due  to  critical 
state  encounters  have  had  time  to  die  out.  This  notion 
is  supponed  by  Fig.  5b  which  shows  static  and  dynamic 
rolling-moment  data  for  12*  oscillations  about  a  mean 
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roll  angle  of  28*.  Thus,  the  roll-angle  range  covered  by 
this  motion,  16'  to  40',  excludes  all  suspected  critical 
states.  Again,  the  rolling-moment  behavior  is  quasi¬ 
steady.  Differences  between  the  static  and  dynamic  data 
are  well  within  interpolation  errors  caused  by  the 
sparsely  spaced  static  data  in  this  region. 

Even  in  the  nonlinear  case,  with  critical  states  present, 
the  total  response  under  dynamic  conditions  may  be 
separated  into  a  static  component  (evaluated  at  the 
instantaneous  roll  angle)  and  a  dynamic  component‘^ 
This  is  a  very  useful  device  because  changes  in  dynamic 
behavior  (relative  to  the  equilibrium  state)  are 
highlighted.  Since  transients  at  critical  states  represent 
the  dynamic  transition  between  dramatic  changes  in  the 
static  behavior,  their  presence  is  more  easily  detected  in 
the  dynamic  component  Hereafter,  the  term  "dynamic," 
when  applied  to  a  force/moment  coefficient  is  used  in 
this  more  restrictive  sense.  "Total,"  when  used  in  the 
same  context  implies  the  sum  of  the  static  and  dynamic 
components. 

The  results  discussed  above  (Figs.  Sa  and  5b)  for  two 
motions  also  apply  over  a  wide  range  of  test  conditions. 
Typical  results  are  shown  in  Figs.  6a  and  6b.  Both  of 
these  are  contour  plots  of  the  dynamic  rolling  moment 
coefficient  presented  in  the  phase  plane.  Data  at  4.4 
Hertz  (k  =  0.08)  is  presented  for  the  range  of  test 
amplitudes  at  a  given  roll-angle  offset.  A  series  of  tests 
with  fixed  offset  and  frequency  generates  a  family  of 
ellipses,  centered  about  the  offset  angle.  .\s  the  rolling 
motion  proceeds,  the  ellipses  are  traversed  in  the 
clockwise  direction.  Offsets  of  0*  and  14'  are  shown  in 
Figs.  6a  and  6b  respectively. 

Tn  both  cases,  the  contour  lines  turn  rapidly,  becoming 
essentially  parallel  to  the  phi-dot  axis  at  1 0 1  =3*. 
Moving  clockwise  in  the  bottom  half  of  the  ellipse 
through  <|)  =  -  5',  the  contour  lines  again  turn  rapidly 
between  -10'  and  -IS'  to  run  neail-/  parallel  to  the  phi 
axis.  Note  that  this  "turning  point"  is  less  distinct  than 
the  first,  perhaps  because  the  static  data  has  been  faired 
in  this  region.  The  paaero  repeats  in  the  upper  half  of 
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die  figure.  Significantly,  the  loci  of  uiming  points 
^critical  states)  are  independent  of  roll  rate  (dependent 
only  on  roll  angle).  This  is,  of  course,  because  critical 
states  by  definition  represent  discontinuous  changes  in 
the  equilibrium  state. 

Following  a  critical  state  encounter,  the  dynamic 
response  becomes  weakly  dependent  on  roll  angle 
(contour  lines  nearly  parallel  to  phi  axis).  The  contours 
in  this  region  are  lilxly  the  result  of  expressing  the 
implicit  time  variation  in  the  phase  plane  (rather  than  an 
actual  dqiendence  on  either  roll  angle  or  roll  rate). 

Hnally,  note  that  as  the  offset  roll  angle  is  increased 
(allowing  mote  time  (o  elapse  between  encounters  with 
the  critical  state  at  10'  to  15*.  first  with  positive  phi-dot, 
then  with  negative  roll  rate)  the  region  of  negligible 
dynamic  rolling  moment  in  the  lower-right  quadrant 
expands.  (There  is  time  for  the  response  to  become 
quasi-steady). 

5.  SIMULATION  AND  ANALYSIS 

In  this  section,  the  implications  of  critical  state 
encounters  to  flight  simulation  and/or  analysis  of  aircraft 
stability  and  control  ate  discussed.  Although  the 
"locally  linear  model"  has  come  into  question  in  recent 
years,’  the  consequences  of  employing  this  technique 
when  critical  states  are  present  ate  addressed.  This  is 
followed  by  a  brief  examination  of  plausible 
alternatives. 

5.1  Locally  Linear  Representation 

Often,  even  in  flight  simulations  that  are  billed  as  "fully 
nonlinear,”  a  locally  linear  model  tui  the  aerodynamic 
forces  and  moments  is  used.  In  iiis  model,  the  static 
forces/moments  are  Tpiesented  by  a  t>onlinear  function 
of  the  instantaneous  values  of  angle  of  attack  and 
sideslip.  Dynamic  effects  are  calculated  by  using 
locally  linear  "damping"  derivatives  (linearized  about 
the  instantaneous  vehicle  state).  Linearization  of  the 
damping  derivative  is  effected  by  using  small  amplitude 
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test  data  and  retaining  only  the  measured  aerodynamic 
loads  at  the  farcing  frequency  (and  90*  out  of  phase 
with  the  motion).  These  tests  are  repeated  for  a  variety 
of  offset  angles.  Thus,  dynamic  nonlinearides  are 
accounted  for  by  allowing  the  derivatives  to  be 
functions  of  angle  of  attack  and  sideslip.  This 
procedure  becomes  questionable  when  there  are 
significant  motion-history-dependent  transient  effects 
such  as  those  discussed  above. 

A  dramatic  example^  of  the  errors  that  can  result  from 
the  application  of  the  locally  linear  model  under 
inappropriate  circumstances  is  presented  in  Fig.  7. 
Comparisons  between  the  measured  firee-to-roll  time 
history  and  predicted  motions  (based  on  the  dynamic 
force  and  moment  data)  are  shown.  With  the  locally 
linear  model,  there  are  gross  errors  in  the  frequency  and 
damping  of  the  free-to-roll  motion.  The  calculated 
response  even  finds  the  wrong  trim  condition.  On  the 
other  hand,  the  motion  predicted  using  the  "reaction 
hypersurface"  model*’’  correlates  well  with  the  actual 
frce-io-roU  response.  Both  aerodynamic  models  used 
for  this  comparison  were  based  on  data  taken  at  the 
same  reduced  frequency  (k  =  0.14). 
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Figure  7.  Free-to-Roll  Time  History 


The  reason  for  such  poor  results  (with  locally  linear 
damping  derivatives)  is  illustrated  in  Figs.  8a  and  8b. 
Here,  the  locally  linear  model  was  used  to  "predict"  the 
measured  rolling  moment  (with  all  harmonics)  over  the 
same  motion  as  used  to  determine  the  damping 
derivative.  Nonlinear  static  roiling  moment  data  (from 
SARI.)  was  used  together  with  toll  damping  derivatives 
obtained  from  5*  amplitude  tests.  The  damping 
derivative  was  calculated  by  retaining  only  the  out-of¬ 
phase  rolling  moment  at  the  forcing  frequency,  although 
up  U)  20  harmonics  were  recorded. 

Figure  8a  shows  the  comparison  for  an  offset  roll  angle 
of  3*  and  a  frequency  of  7.7  Hertz  (k  »  0.14).  The 
result  is  totally  unacceptable.  Over  much  of  the  cycle, 
the  model  presets  a  positive  rolling  moment,  while  the 
actual  response  is  the  opposite.  Note  that  there  is  little 
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Figure  8a.  Actual  Load  and  Locally  Linear 
Model  (k  =  0.14) 

evidence  of  a  rate  effect  in  the  actual  response.  Rather, 
it  appears  to  be  a  response  nearly  180*  out  of  phase 
with  the  motion.  Yet  the  (negative)  in-phase  component 
does  not  agree  with  the  static  rolling  moment  at  all,  a 
fact  previously  observed  in  Ref.  8.  (The  calculated 
damping  derivative  is  small  and  the  locally  linear  model 
does  not  deviate  much  from  the  static  data). 

Agreement  at  1.1  hertz  (Fig.  8b)  is  better  but  the  result 
is  still  poor.  However,  the  improvement  is  almost 
entirely  due  to  the  fact  that  the  actual  response  follows 
the  static  behavior  more  closely.  The  difference 
between  static  and  total  response  is  still  quite  surprising, 
given  the  low  reduced  frequency  (0.02).  At  this 
condition  the  total  response  crosses  the  static  curve  at 
only  two  points,  suggesting  perhaps  that  discemable 
critical  state  transient  effects  persist  for  at  least  a  half 
cycle. 
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Figure  8b.  Actual  Load  and  Locally  Linear 
Model  {k  s  0.02) 

This  particular  motion,  3*  offset  and  S*  amplitude,  was 
chosen  to  include  the  critical  state  ^  ^  S*.  Thus,  the 
attempt  to  use  conventional  methods  to  repiesent  the 
transient  behavior  provoked  by  the  critical  state 
encounter  was  ill-tdvised  (except  for  illustrative 
purposes)  frxmi  the  beginning.  Ertm  incurred  with  the 
locally  linear  model  were  not  due  to  a  poor 
representation  for  the  damping  moment,  rather  they 
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were  caused  by  the  assumption  that  the  in-phase 
component  reflects  the  static  aerodynamic  contribution. 
This  is  simply  not  the  case  when  significant  transient 
effects  ate  present 

5.2  Alternative  Approaches 

Clearly,  the  success  of  the  nonlinear  indicial  response 
theory,  in  providing  a  rational  framewoik  for 
understanding  the  data  reviewed  above,  establishes  this 
^proach  as  an  extremely  valuable  "diagnostic"  tool. 
For  applications  to  simulation  or  analysis, 
simplifications  to  the  model  have  been  examined  by 
several  authors.’’*  In  Ref.  8,  for  example,  the 
connection  between  the  hypersurface  model  and  the  NIR 
was  established.  (The  hypersurface  representation  can  be 
derived  from  the  NIR  if  the  motion  is  analytic  in  the 
strict  mathematical  sense).  Even  so,  based  on  the 
analysis  of  the  present  data,  certain  additional 
simplifications  may  be  possible. 

The  65*  delta  wing  (at  the  flight  conditions  studied  to 
date)  has  shown  little  important  dynamic  effects  except 
following  critical  state  encounters.  Therefore,  in  this 
case,  the  integral  terms  in  Eq.  (1)  may  be  accurately 
modeled  by  the  stability  derivative  (locally  linear) 
model.  Of  course,  the  resulting  simplification  is 
substantial  because  the  need  to  include  nonlinear 
superposition  integrals  in  the  equations  of  motion  would 
be  avoided.  However,  critical  states  must  still  be 
acknowledged  as  shown  above  and  correct  handling  of 
the  transient  terms,  ACi(t:^c)  still  a  problem.  This  is 
less  difficult  for  simulation  than  analysis.  The  principal 
difficulty  in  the  former  case  is  identification  of  the 
transient  term  (including  history  effects)  from  test  data. 

Hanffs  hypersurface  model  offers  an  approach; 
however,  the  complexities  of  tracking  elapsed  times'  for 
multiple  critical  state  encounters  have  not  been  worked 
out  The  number  of  hypersurface  dimensions 
(derivatives  of  the  motion  variable)  required  to  both 
provide  sufficient  accuracy  in  the  implicit  time  function 
and  to  account  for  history  effects  on  AC^i'.^ic)  is 
unknown. 

For  analysis  applications,  Etkin"  has  shown  (for  the 
linear  case)  that  "aerodynamic  transfer  functions"  can  be 
used  when  transient  effects  are  present  However,  for 
rates  typical  of  "rigid-body”  aircraft  dynamics, 
significant  transients  seldom  appear  in  a  linear  fashion. 
Nevertheless,  it  may  be  possible  to  extend  this  approach 
to  the  mmlinear  case  by  the  use  of  higher-order  transfer 
functions.’’  Much  more  woric  is  needed  in  this  area. 

6.  CONCLUSIONS 

An  analysis  of  static  and  dynamic  roll-motion  data  for 
a  65’  delta  wing  has  shown  the  existence  of  critical 
states,  defined  in  terms  of  the  configuration’s  static 


behavior.  This  finding  was  entirely  consistent  with  the 
nonlinear  theory  advanced  by  Tobak  and  his  colleagues. 
Hie  particular  characteristics  observed  for  the  delta- wing 
model  were  that: 

(1)  The  critical  states  correspond  to  static  roll 
angles  where  the  leading-edge  voitex  breakdown 
position  is  either  at  the  wing  vertex  or  at  the 
trailing  edge. 

(2)  Significant  dynamic  effects  (of  the  same 
order  as  the  static  rolling  moments)  were 
observed.  These  effects  are  in  fact  critical  state 
transients.  The  transients  persist  for  surprisingly 
long  times,  becoming  identifiable  only  at 
extremely  low  reduced  frequencies. 

(3)  Outside  of  critical  state  encounters,  the 
dynamic  contribution  to  the  aerodynamic  loads 
are  small.  In  this  case,  considerable 
simplification  of  mathematical  models  describing 
the  behavior  is  possible. 

(4)  Serious  eriOTS  result  frotr  jMng  the 
locally  linear  model  to  cases  inv  owing  critical 
state  encounters.  These  errors  are  caused  by  the 
large  contribution  of  critical  state  transients  to 
the  in-phase  component  of  the  measured  loads. 
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Abstract 

The  atmosphere  of  the  earth  is  a  very  complex  sy¬ 
stem  covering  a  wide  range  of  interacting  scales.  The 
concept  of  stability  is  applied  to  subsystems  thereof 
where  the  quantities  involved  in  a  stability  analysis 
depend  on  the  particular  question  to  be  answered. 
But  all  stability  considerations  share  a  common  basic 
structure.  After  giving  a  short  account  to  the  nature 
of  stability  investigations  some  examples  of  stability 
related  atmospheric  phenomena  are  presented  which 
are  relevant  for  flight  operation.  Finally  the  impact 
of  atmospheric  instabilities  on  aircraft  performance 
with  special  regard  to  flight  safety  is  illustrated. 
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1  Introduction 

The  concept  of  stability  is  a  very  elementary  one  in 
nearly  all  branches  of  everyday  life  (including  such 
difficult  fields  as  politics).  This  is  especially  true 
for  the  natural  sciences  and  engineering  applicati¬ 
ons,  presumably  because  many  stability  related  pro¬ 
blems  in  these  fields  can  be  tackled  by  mathemati¬ 
cal  methods.  Much  of  our  notion  of  stability  derives 
from  the  occupation  with  problems  of  classical  me¬ 
chanics  and  -  on  a  more  sophisticated  level  -  those  of 
thermodynamics.  Elementary  examples  of  stability 
problems  can  be  found  in  nearly  every  introductory 
textbook  on  physics  or  engineering.  These  elemen¬ 
tary  problems  are  characterized  by  the  fact  that  they 
can  be  represented  by  a  finite  number  of  points  in  the 
phase  space.  To  the  contrary,  hydrodynamic  proces¬ 
ses  are  characterized  by  the  simultaneous  existence  of 
phenomena  with  different  space  and  time  scales,  the 
characteristic  measures  of  which  cover  a  continuous 
subset  of  the  space-time  continuum,  and  beyond  that 
which  are  interacting  with  each  other. 


14-2 


Therefore  the  first  step  in  a  stability  investiga¬ 
tion  is  to  confine  the  consideration  to  a  distinct  phe¬ 
nomenon  with  a  definite  space  and  time  scale  -  which 
clearly  must  be  an  abstraction  of  physical  reality  - 
and  to  apply  the  assumption  that  the  interaction 
with  other  scales  can  be  neglected.  The  governing 
eipiations  are  thus  reduced  by  .neglecting  terms  of 
minor  inllnence  while  keeping  them  consistent  with 
the  physical  reality  observed  in  a  given  scale.  We 
thus  make  a  priori  assumptions  about  the  solutions 
based  on  the  perception  of  physical  reality  and  feed 
them  back  into  the  governing  equations  in  order  to 
reduce  the  manifold  of  solutions.  This  invokes  the  as¬ 
sumption  that  small  causes  have  small  effects,  which 
is  cle  rly  not  true  for  nonlinear  systems  such  as  the 
atmosphere  if  time  intervals  extending  beyond  a  cri¬ 
tical  value  are  considered  '  [1,  ‘2,  3).  But  neverthe¬ 
less  it  is  possible  to  get  much  insight  into  the  short 
range  future  of  distinct  atmospheric  disturbances  by 
investigating  the  instantaneous  forces  or  energy  ex¬ 
changes,  respectively.  In  the  following  we  shall  con¬ 
fine  ourselves  to  local  disturbances  in  the  atmosphere 
and  stmly  the  immediate  interaction  with  their  en¬ 
vironment. 


2  Stability  concepts 

The  concept  of  stability  has  a  wide  range  of  applica¬ 
tion  in  atmospheric  science  extending  over  nearly  all 
scales  of  atmospheric  motion.  Basic  instability  me¬ 
chanisms  such  as  static  stability,  inflection  point  in¬ 
stability  of  shear  flows,  baroclinic  instability,  inertial 
instability  etc.  are  treated  in  almost  every  textbook 
on  dynamic  meteorology  (see  e.g.  [4]).  Besides  there 
is  a  number  of  classical  monographs  on  hydrodyna¬ 
mic  stability  in  general,  as  for  instance  the  excellent 
books  of  Cfliandrasekhar  [7]  and  Drazin  fc  Reid  [8]. 
But  much  h;is  still  to  be  understood  so  that  problems 
of  hydrodynamic  stability  -  especially  in  geophysical 
fluid  dynamics  -  are  still  a  matter  of  intense  research, 
which  received  increasing  interest  in  recent  years  (see 
e.g.  [fi]). 

Without  going  into  the  formal  theory  of  stability 
(see  e.g.  [9])  we  present  an  approach  here  which  is 
rather  heuristic,  but  in  our  view  nevertheless  appea¬ 
ling.  It  elucidates  the  underlying  concept  of  stability, 
which  is  shared  by  all  stability  problems,  and  sug¬ 
gests  that  stability  considerations  can  be  viewed  as 
merely  a  special  aspect  of  a  Hamiltonian  formulation 
of  atmospheric  dynamics  as  the  fascinating  overall 
concept. 

A  mandatory  prerequisite  for  all  stability  inve¬ 
stigations  is  the  definition  of  a  basic  state  with  regard 

'  It  is  interesting  to  mention  tiust  speculations  about  intrin¬ 
sic  features  of  the  atmosphere  that  limit  its  predictability  and 
that  are  related  to  the  uncertamty  in  initial  conditions  have 
already  been  made  a  long  time  before  the  study  of  chaotic 
phenomena  (sec  e.g.  [«1)- 


What  do  we  mean  by  'Stability’  ? 

Basic  State  Pe’-turbation 


CD  actual  energy  content 

critical  energy  content  (neutral  case) 


Figure  1;  Scheme  of  energy  tranfer  between  a  pertur¬ 
bation  and  its  environment  depending  on  stability. 

to  a  given  question,  and  the  definition  of  what  will 
be  considered  as  a  perturbation  thereof.  Once  ha¬ 
ving  defined  these  we  shall  use  the  term  “stable”  for 
any  situation  where  the  energy  of  a  perturbation  is 
“consumed”  by  the  basic  state,  and  therefore  the  per¬ 
turbation  is  damped  out,  and  we  shall  u.se  the  term 
“unstable”  for  any  situation  where  a  perturbation 
-  once  initialized  -  extracts  energy  from  the  basic 
state.  This  is  indicated  in  fig.  1  by  the  bubbles  on 
the  right  hand  side,  where  the  bubble  we  start  with 
is  growing  or  shrinking  depending  on  the  direction  of 
the  flow  of  energy. 

But  when  is  a  given  basic  state  stable  or 
unstable  ?  Obviously  the  preceeding  definitions  do 
not  suffice  to  answer  this  question  and  an  additio¬ 
nal  term  must  be  introduced.  Experience  shows  that 
in  all  considerations  of  stability  related  processes  a 
unique  value  of  the  energy  content  of  the  local  basic 
state  (with  respect  to  an  arbitrary  reference  level) 
can  be  defined.  If  the  energy  content  of  the  basic 
state  exceeds  this  value  then  perturbations  are  pro¬ 
moted  by  an  energy  flux  toward  the  perturbations,  if 
it  fsdls  short  of  this  value  then  perturbations  are  su- 
pressed.  We  shall  call  this  value  the  “critical  energy 
content”  of  the  basic  state  which  is  marked  in  fig.  1 
by  the  dotted  symbol.  It  coincides  with  the  so  cal¬ 
led  “neutral”  case  of  stability  when  a  perturbation  is 
neither  growing  nor  ceasing  and  is  just  left  what  it 
is. 

This  conceptual  model  immediately  suggests  a 
procedure  for  stability  investigations;  we  start  with 
an  arbitrary  equilibrium  state  and  make  some  kind 
of  virtual  perturbation.  We  suspect  that  the  decisive 
quantity  we  have  to  look  at  is  the  difference 

♦  -  £t.n  (1) 

between  the  potential  energy  'I'  and  the  kinetic 
energy  Ekin,  where  we  use  the  term  “potential 
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Figure  2:  Local  equilibrium  states  of  a  system.  As¬ 
sumptions;  a)  tlie  “forces”  on  a  perturbation  derive 
from  a  generalized  potential,  b)  a  displaced  fluid  ele¬ 
ment  always  adopts  the  velocity  from  its  inunediate 
environment. 

energy”  in  a  generalized  sense  as  will  become  appa¬ 
rent  below. ^  Therefore  we  consider  the  new  value  of 
the  difference  between  the  potential  energy  and  the 
kinetic  energy  of  the  perturbed  element  (or  in  other 
'.vords,  the  new  value  of  the  excess  potential  energy 
over  the  kinetic  energy).  Fig.  2  presents  a  mnemonic 
scheme;  a  one-dimensional  system  with  coordinate  q 
investigated  at  an  arbitrary  point  9  =  0;  we  consider 
the  “landscape”  of  'F  —  Ekin  over  g;  the  “height”  of 
the  black  ball  represents  the  local  state  of  the  system, 
and  the  expected  reaction  of  the  ball  under  an  imagi¬ 
nary  gravity  force  to  a  virtual  displacement  parallels 
the  expected  reaction  of  the  system  state  to  virtual 
perturbations  (either  away  or  back  to  the  equilibrium 
position  it  started  from).  If  the  value  of  the  excess 
potential  energy  is  increased  by  the  virtual  perturba¬ 
tion  then  the  basic  slate  should  be  stable,  meaning 
that  the  energy  content  of  the  system  is  below  the 
critical  value;  if  it  is  decreased  we  should  have  insta¬ 
bility,  and  the  basic  state  would  try  to  get  rid  of  its 
excess  energy  by  putting  it  into  the  perturbation;  if 
it  remains  constant  we  should  just  have  the  neutral 
C2ise.  We  shall  see  below  that  this  criterion  can  in¬ 
deed  be  derived  from  a  ILamiltonian  formulation  of 
the  stability  problem. 

In  completing  our  picture  we  assume  that  the 
overall  beisic  state  is  not  seriously  affected  by  a  small 
perturbation  and  can  therefore  be  considered  to  re¬ 
main  unaffected  for  the  moment  of  disturbance. 

If  we  talk  about  stability  in  case  of  a  liquid  or 
gas  we  refer  to  a  small  element  which  is  displaced 
from  its  equilibrium  position,  and  we  shall  examine 
the  subsequent  flow  of  energy  between  this  small  ele¬ 
ment  and  its  environment.  But  wait  -  we  have  to 


we  (aUc  about  kinetic  energy  in  tiue  context  we  always 
refer  to  the  kinetic  energy  of  the  perturbed  element  whicli  is 
aquainted  from  or  lust  to  the  basic  state.  We  do  not  mean 
sniiiethiiig  like  the  kinetic  energy  of  the  displacement  itself, 
wliicji  doesn't  actually  exist,  since  no  variation  of  time  is 
performed. 


take  into  account  the  conserva¬ 
tion  of  mass  while  making  the 
virtual  perturbation.  Therefore 
it  will  be  simply  cissumed  that 
two  small  fluid  elements  of  equal 
mass,  which  are  adjacent  to  each 
other,  are  interchanged  (see  mar¬ 
ginal  fig). 

Then,  if  we  want  the  system  to  be  stable  at  the 
point  around  which  the  interchangement  has  taken 
place  we  must  assure  that  stability  is  achieved  by 
both  fluid  elements.  So  we  have  to  focus  our  atten¬ 
tion  to  that  element  which  is  most  “likely”  to  be¬ 
come  unstable.  For  a  one-dimensional  problem  the 
foregoing  statement  is  equivalent  to  the  instruction 
to  make  a  displacement  of  a  fluid  element  in  both 
directions  and  to  study  stability  in  both  cases. 

Ilow  can  we  cast  this  concept  into  mathemati¬ 
cal  terms  ?  The  procedure  just  described  reminds  us 
of  D’Alembert’s  principle  of  virtual  work.  Since  this 
principle  can  be  derived  from  the  Lagrangian  equa¬ 
tions,  which  in  turn  are  an  implication  of  Hamilton’s 
principle  of  le2ist  action  [10],  it  may  be  argued  that 
our  stability  considerations  can  be  derived  in  a  simi¬ 
lar  manner  from  a  general  “Hamilton-like”  principle. 

And  indeed,  if  we  displace  an  arbitrary  fluid  ele¬ 
ment  by  a  small  amount  starting  from  an  equilibrium 
position  then  the  forces  acting  on  the  element  will  re¬ 
sult  from  the  change  of  its  position  in  the  potentieJ 
field  'F  and  from  the  momentum  transfer  between  the 
particle  and  its  environment  so  that 

dui  _  dui  5<F 
di  dxk  dxi 

where  we  have  applied  the  tensor  notation  for  the 
Cartesian  coordinates  ij  (with  t  =  1, . . .  ,3)  and  the 
respective  velocity  components  Ui  employing  Ein¬ 
stein’s  summation  rule.®  If  for  the  present  we  disre¬ 
gard  the  force  term  deriving  from  a  potential  it  can 
be  shown  that  the  remaining  expression  dui/dt  = 
iikdui/dxk  can  be  rewritten  as  (see  appendix) 

^Ekin  ^Ekin  _  „ 
di  dUi  dXi 

where  Ekin  is  the  kinetic  energy  of  the  fluid  element. 
Reintroducing  the  potential  force  term  on  the  right 
hand  side  and  assuming  that  the  potential  'F  is  inde¬ 
pendent  of  velocity  this  leads  to 

After  we  have  defined  the  general  Lagrangian  func¬ 
tion  to  be 

£  ;=  Ekin  -  ♦  (5) 

^  The  summation  rule  requires  that  a  suimnation  must 
be  carried  out  over  equal  indices  in  a  product,  e.g. 

ukdui/dxk  =  ^kdxti/Oxk  and  duj/dxj  =  V  u. 
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we  are  simply  left  with 


d  dC  _  d£ 

dt  Oui  Oxi 


(6) 


Notice  that  C  is  equal  to  expression  (1)  with  its  sign 
reversed  so  that  a  well  of  (1),  which  indicates  sta¬ 
bility,  corresponds  to  a  ridge  of  C.  Those  are  the 
well-known  Euler-Lagrange  dilFerential  equations  for 
£,  which  are  a  direct  implication  of  Hamilton’s  prin¬ 
ciple,  the  variational  formulation  of  which  is 


6  J  Cdt  =  Q  .  (7) 

At 


This  states  that  the  mean  kinetic  energy  of  a  sy¬ 
stem  produced  by  external  forcing  is  always  kept  at 
a  minimum.  Stull  ([11],  p.  173)  notes  remembering 
LeChatelier’s  principle  that  “for  ...  many  instabili¬ 
ties  it  is  interesting  to  note  that  the  fluid  reacts  in 
a  manner  to  undo  the  cause  of  instability”  —  and 
we  add  here:  this  is  accomplished  by  the  fluid  in  the 
most  elfective  way."* 

It  also  shows  that  the  quantity  given  by  expres¬ 
sion  (1)  provides  indeed  a  stability  criterion  as  we 
have  suspected  above.  We  conclude  that  the  atmos¬ 
phere  is  stable  at  a  given  point  if  £  is  at  a  maximum. 
Hence  we  arrive  at  the  equilibrium  condition 


dxi 


=  0 


(8) 


since  C  is  at  an  extremum  and  we  have  the  general 
stability  criterion 

<  0  stable 

=  0  neutral  (9) 

>  0  ;  unstable 


y  H 


Although  classical  Hamiltonian  theory  only  ap¬ 
plies  to  linite-dimensional  phase  spaces  spanned  by 
the  generalized  coordinates  and  momenta  the  con¬ 
cepts  can  be  extended  to  continua  [13,  Id).  But  we 
shall  not  go  into  details  here. 

Since  the  forces  occuring  in  the  atmosphere  are 
not  purely  mechanical,  but  also  derive  from  ther¬ 
modynamic  processes  and  are  a  consequence  of  the 
earth’s  rotation,  we  must  postulate  the  existence  of 
a  generalized  potential  from  which  the  forces  can  be 
derived  (perhaps  remembering  that  the  Lorentz-force 
in  electrodynamics  can  also  be  derived  from  a  gene¬ 
ralized  potential.)  This  would  naturally  lead  to  a  ge¬ 
neralized  Lagrangian  function,  which  would  also  in¬ 
clude  thermodynamic  and  rotation  dependent  terms. 
Such  a  generalized  Lagrangian  has  already  been  used 
by  Ertel  [15]  (see  also  [16]). 

Let  us  now  illustrate  this  view  in  three  examples: 
the  first  may  serve  as  an  introductory  one,  the  second 

variational  Fonnnlation  Iim  already  been  used  by  tlaet- 
hjf’ii  [12)  to  explain  tlir  dynamics  of  squall  lines. 


unstable  case 


stable  case 


Figure  3:  Incompressible  fluid  with  stable  and  un¬ 
stable  density  stratification. 


concerns  static,  and  the  third  dynamic  stability  in 
the  atmosphere.  Ir  selecting  the  last  two  examples 
we  have  also  taken  into  account  that  they  ought  to 
be  relevant  to  flight  operation. 

Consider  an  incompressible  fluid  with  a  linear 
density  profile 

p{z)  =  po  +  yz  (10) 

and  aissume  horizontal  homogeneity  (see  fig.  3)  so 
that  the  problem  can  be  reduced  to  one  dimension 
(along  the  vertical  axis).  In  this  case  the  potential 
'i/  results  from  gravity  and  buoyancy  forces  and  the 
Lagrangian  is  simply 

C(z)  =  -^  =  ^z^  .  (11) 


Stricly  speaking  this  equation  describes  the  poten¬ 
tial  experienced  by  single  fluid  elements  starting  at 
z  =  0  (where  p  =  po)  whose  density  differs  from  the 
surrounding  liquid  by  yz  according  to  eq.  (10).  But 
this  means  no  loss  of  generality  since  we  are  free  to 
choose  z  =  0  arbitrarily  at  our  point  of  investiga¬ 
tion.  According  to  eq.  (9)  the  system  is  just  neutral 
at  z  =  0  if  we  have 


This  results  in 

—  =  0  .  (12) 

Po 

Since  g  and  po  are  /  0  we  conclude  that  y  =  0  cor¬ 
responds  to  the  neutral  state,  whereas  a  stably  stra¬ 
tified  fluid  corresponds  to  negative  values  of  y  and 
vice  versa,  which  surely  is  clear  by  our  everyday  phy¬ 
sical  experience.  The  result  can  also  be  interpreted 
as  follows:  the  parameter  y  appearing  in  eq.  (11) 
is  a  shape  parameter  of  the  potenti2d  function  which 
has  a  potential  well  if  7  <  0,  is  flat  for  7  =  0,  and 
has  a  potential  hill  for  7  >  0.  We  can  generalize  this 
result  by  saying  that  overall  stability  is  guaranteed  if 
the  density  gradient  is  positive  at  every  point  within 
a  fluid. 


As  a  second  example  let  us  consider  a  some¬ 
what  more  complicated  case:  a  static  dry  atmos¬ 
phere  which  is  characterized  by  horizontal  homoge- 


neily  and  therefore  reduces  to  a  one-dimensional  sy¬ 
stem  where  no  heat  transfer  occurs  and  hence  re¬ 
versible  thermodynamics  is  cissumed.  The  so  called 
“adiabatic  temperature  lapse  rate”  represents  neu¬ 
tral  stability  of  this  atmosphere.  The  derivation  of  an 
etiuation  for  this  lapse  rate  -  applying  the  first  law  of 
thermodynamics,  the  equation  of  state,  and  the  hy¬ 
drostatic  equation  -  is  standard  since  the  early  days 
of  geophysical  thermodynamics  and  can  be  found  in 
almost  any  introductory  course  on  meteorology  (see 
e.g.  [17,  18]).  But  we  can  also  apply  the  concept 
stated  above.  In  this  case  the  generalized  Lagraui- 
gian  is 

C^-(<t>(z)-c,T(z))  ,  (13) 

where  $(2)  w  gz  is  the  geopotential  height  and 
CpT{z)  is  the  enthalpy.®  The  equilibrium  condition 
dC/dz  =  0  leads  to 


dz  Cp 


(14) 


for  the  temperature  lapse  rate  and  since  d^T fdz^  —  0 
we  conclude  according  to  the  stability  criterion  (9) 
that  this  corresponds  to  the  neutral  state.  Likewise 
we  can  show  that  dT/dz  >  -g/cp  results  in  stable 
and  dT/dz  <  —g/cp  in  unstable  conditions  so  that 
we  finally  get  the  stability  criterion  for  a  dry  atmos¬ 
phere 


neutral 


Figure  4:  Actual  temperature  profile  and  potential 
temperature  profile  for  different  stabilities. 


the  potential  temperature  instead  of  the  actual  tem¬ 
perature  for  atmospheric  problems  we  get  (see  fig. 

>  0  :  stable 

=  0  neutral  (17) 

<  0  '.  unstable 

(Notice  that  if  we  replace  9  by  the  actual  temperature 
T  this  criterion  holds  for  incompressible  fluids!  So 
the  atmosphere  is  by  this  view  in  a  way  “reduced” 
to  an  incompressible  fluid.) 


>  —g/cp  ;  stable 

=  "ff/fp  :  neutral  ,  (15) 

<  ~J7/cp  :  unstable 

where  g/cp  «;  1  A'/lOOni  (see  fig.  4). 

Often  tliis  condition  may  be  expressed  more  con¬ 
veniently  in  the  so  called  p- System  with  pressure  as  a 
vertical  coordinate.  By  considering  the  temperature 
changes  within  an  air  parcel  under  adiabatic  pres¬ 
sure  changes  we  can  define  the  so  called  “potentieJ 
temperature”  by 

,  (16) 


Whereas  in  the  preceding  examples  the  Lagran- 
gian  comprises  only  potential  energy  terms,  we  shall 
now  turn  to  a  case  which  involves  kinetic  energy,  too. 
We  consider  a  stratified  shear  flow  with  a  constant 
gradient  of  density  7p  and  horizontal  velocity  7v  ac¬ 
cording  to 

P(2)  =  Po+7pZ^  (18) 

v{z)  -  Vo  +  lvz  (19) 

and  shall  study  the  virtual  displacement  of  a  fluid 
element  in  the  vertical.  The  potential  of  an  element 
displaced  from  z  =  0  is  given  by 

*  -  _M,2 

2po 


which  is  merely  a  special  version  of  Poisson’s  equa¬ 
tion  relating  the  temperature  of  an  ideal  gas  in  an 
adiabatic  process  to  a  reference  pressure  of  po  = 
10®Po.  From  this  formula  we  can  derive  the  con¬ 
dition  that  an  atmosphere  is  in  neutral  equilibrium 
if  the  potential  temperature  is  constant  for  all  p,  and 
that  it  is  stable  for  6  increasing  with  p,  and  unstable 
otherwise  [18].  Since  p  and  z  are  monotonous  in  the 
atmosphere  the  same  statement  applies  by  replacing 
p  by  2  in  the  preceding  statement.  So  if  we  employ 

^b)  the  early  days  of  atmospheric  thermodynanucs  lliere 
has  been  a  debate  whether  the  "heat  content”  CpT  or  the  inter¬ 
nal  energy  c„  T  is  to  be  used  in  the  derivation  of  the  adiabatic 
lapse  rate.  It  is  interesting  to  iiieiitioii  that  the  advocates  of 
both  approarJies  arrived  at  the  same  result  because  the  error 
<if  using  r„T  was  just  ronipensaled  hy  a  second  error  in  the 
florivatifiii  (cf.  e.g.  [lU]). 


just  as  in  the  first  example  (compare  eq.  (11) !),  and 
the  kinetic  energy  that  the  fluid  element  gains  from 
its  “new”  environment  if  it  is  displ2u:ed  to  a  larger 
value  of  2  is 


so  that  the  Lagrangian  is 

£(*)  =  +  .  (20) 

Fig.  5  shows  an  example  of  a  stably  stratified  fluid 
where  the  horizontal  velocity  increases  with  height 
and  a  fluid  element  is  raised  to  a  higher  level  the¬ 
reby  increasing  its  potential  energy  as  well  as  its  ki¬ 
netic  energy;  the  decisive  question  is,  whether  the 
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arrive  at  the  stability  condition 


gravity  +  buoyancy 


V  t  Av 


displacoiiient  Az 


>  stable 

A'l'  7  AE^,n  i=C>  neutral 
'  unstable 


g  Ad  ■  Az 

R^k  =  75-  2\' 

Oo  (An2) 


>  O.-if) 
=  0,25 
<  0.25 


stalde 

neutral 

unstable 


The  “traditional”  approach  for  deriving  the  Ri¬ 
chardson  number  starts  from  the  prognostic  equation 
for  the  turbulent  kinetic  energy  where  several  sim¬ 
plifying  assumptions  are  introduced  until  only  the 
buoyancy  term  and  the  production  term  describing 
the  generation  of  turbulent  kinetic  energy  from  shear 
are  left  (see  fig.  6).  The  momentum  flux  occuring 
in  the  shear  term  and  the  heat  flux  in  the  buoyancy 
term  are  then  expressed  by  the  velocity  and  the  po¬ 
tential  temperature  gradients,  respectively,  employ¬ 
ing  R-theory. 


Figure  5:  Displacement  of  a  particle  in  a  stably  stra¬ 
tified  sliear  flow. 


potential  energy  increase  exceeds  the  kinetic  energy 
increase,  or  vice  versa. 

If  we  again  apply  our  stability  criterion  (9)  we 


K ‘'rhitofy 
I  (jfa<ncnl-/(i-No.  I 


Finite 

Dilfcrciifc# 


Flux  Kkiiardson  Number  Hi/ 


{9/pohp 


stable 

neutral 

unstable 


!’’  ttie  atriiorpherr  iiLslvu  i  oi  uvu.si'y  the  po'ert;"!! 
temperature  is  used  to  describe  the  buoyancy.  If  we 
neglect  pressure  changes  to  the  first  order  then  we 
have  from  the  logarithmic  version  of  the  equation  of 
slate  of  a  gas  and  from  (16) 


Slatl  with  babiice  equation  of  turbulent  energy: 

Local  change  of  turb  energy  =  -  divergence  of  flvixes 
+  production 

-  consumption 

-  viscous  dissipation 

Making  simplifying  assumptions; 

o  lioinogcneity  ^  divergence  of  fluxes  =  0 
o  reversibility  =>  viscous  dissipation  =  0 
o  production  by  shear  -u'uj  i7u7/f?r) 
o  production  and  consumption  hy  buoyancy  g  u^O’/O 
leaves  (considering  only  the  main  horizontal  direction  of  flow) 

=  — ti'u/'  ■  Ou/dz  -f  g  ■  w'O'/d 


or  equivalently 

jp _ l_d9 

pu  ~  00  dz 

and  we  get  instead  of  (21) 


u'u/'  dn/dz 


>  1 

stable 

=:  1 

neutral 

<  1 

unstable 

The  fraction  in  expression  (22)  is  called  the  Richard¬ 
son  Number  Ri  (after  L.F.  Richardson).  In  applica¬ 
tions  instead  of  the  Richardson  number  as  defined  in 
pq.  (22)  the  so-called  bulk  Richardson  number  Ri^ 
is  used  which  we  get  if  we  replace  the  differentials  in 
(22)  by  finite  dilferi'iices.  'I'be  critical  value  of  Rij 
deiermined  experimeiif  ally  is  about  0.25  so  that  we 


Orfdl  —  0  (stalionarity) 

drfiH  <  0  (stability) 

dc/di  -  0  (instability) 


Figure  6:  Sketch  of  derivation  of  the  /ii-number  from 
the  turbulent  kinetic  energy  budget  equation. 


If  the  Rf-nuinber  exceeds  its  critical  value  then 
turbulent  fluctuations  are  suppressed,  if  it  is  below 
the  critical  value  then  they  give  rise  to  fully  develo¬ 
ped  turhulence. 
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3  Stability  related  phenomena 
with  a  view  to  flight  opera¬ 
tion 

In  the  following  we  shall  show  that  the  overall  mean 
state  of  the  atmosphere  is  statically  stable  as  well  as 
dynamically  stable  with  respect  to  the  /Zi-criterioii. 
But  we  shall  also  see  that  there  are  strong  deviations 
from  the  mean  state.  We  shall  start  with  a  simple 
picture  of  atmospheric,  reality  and  study  its  implica¬ 
tions  concerning  static  stability.  In  order  to  come  to 
the  result  first  we  state  that  we  shall  arrive  at  an 
atmosphere  which  is  unstable,  and  subsequently  we 
shall  ask  ourselves  why  this  is  not  in  agreement  with 
the  mean  (stable)  conditions  found  in  the  earth’s  at¬ 
mosphere.  Finally  we  shall  throw  some  light  upon 
the  deviations  from  stable  conditions  and  illustrate 
the  dynamic  consequences. 

Well  now,  let  us  start  with  the  promised  over¬ 
simplified  picture;  it  is  widely  known  that  the  at¬ 
mosphere  is  transparent  for  solar  radiation  to  a  large 
extent  (and  in  fact,  the  amount  of  short  wave  radia¬ 
tion  absorbed  at  the  ground  is  approximately  three 
times  as  large  as  the  amount  absorbed  in  the  atmos¬ 
phere  [20]).  To  keep  our  picture  simple  we  assume 
a  dry  clear  atmosphere  which  is  entirely  transparent 
to  solar  radiation,  i.e.  absorption  occurs  only  at  the 
ground.  Furthermore  we  shall  ignore  the  (almost) 
spherical  surface  of  the  earth  and  anticipate  a  plane 
earth  with  constant  insolation.®  To  prevent  the  earth 
from  permanent  heating  the  heat  must  be  taken  away 
from  the  surface.  We  assume  that  there  is  some  “heat 
transporting  mechanism”  in  the  atmosphere,  which 
may  include  short  range  terrestrial  radiation.  This 
mechanism  transports  energy  from  the  surface  to  the 
upper  region  of  the  atmosphere,  from  where  it  is  fi¬ 
nally  reradiated  to  space  by  long  wave  emission.  But 
regardless  of  what  the  particular  nature  of  the  trans¬ 
port  is,  it  is  necessary  that  the  potential  tempera¬ 
ture  decreases  with  height;  however,  as  we  have  seen 
in  the  preceding  section,  this  means  that  the  atmos¬ 
phere  is  unstable. 

As  already  indicated  above,  this  result  is  not 
in  agreement  with  the  mean  state  observed  in  the 
atmosphere,  which  is  well  reflected  by  the  U.S.  Stan¬ 
dard  Atmosphere  [22],  which  is  shown  in  fig.  7  to¬ 
gether  with  its  potential  temperature  profile  for  the 
troposphere  and  lower  stratosphere. 

Now,  what  is  wrong  with  our  model?  Aside 
from  the  fact  that  we  have  neglected  the  differential 

®To  be  at  least  to  some  extend  realistic  the  iirsolation 
should  be  taken  as  one  quarter  of  the  solar  constant,  since 
tills  is  tlie  mean  energy  flux  density  onto  the  earth's  surface 
in  case  of  an  entirely  transparent  atmosphere  (ae«  e.g.  (21), 
entry:  “equivalent  blackbody  temperature").  To  be  complete 
we  Mientioii  that  the  iiififlent  radiation  is  not  equal  to  the  ra- 
diation  absorbed  beratise  the  reflected  part  inuftt  be  taken  into 
a<  cotint . 


Figure  7:  U.S.  Standard  Atmosphere  [22]  (left)  and 
derived  profile  of  potential  temperature  for  the  lowest 
20  km  (right). 

heating  of  the  earth  as  a  consequence  of  its  almost 
spherical  shape  and  also  the  earth’s  rotation,  the  de¬ 
cisive  oversimplification  was  that  we  have  neglected 
the  water  and  its  phase  changes  within  the  atmos¬ 
phere.  Lifting  moist  air  with  vapour  pressure  below 
saturation  starts  cooling  according  to  the  dry  adiaba¬ 
tic  lapse  rate  until  it  reaches  the  condensation  level. 
Above  this  level  a  continuous  release  of  latent  heat 
by  condensation  of  water  vapour  takes  place,  thereby 
heating  the  air.  A  detailed  analysis  shows  that  the 
potential  temperature  increases  above  the  condensa¬ 
tion  level  by  about  6  K/km  in  the  lower  troposphere 
and  by  4  —  3  K/km  in  the  middle  troposphere.  This 
is  in  close  agreement  with  the  potential  temperature 
gradient  in  the  standard  atmosphere,  which  is  about 
3.5  K/km. 

But  we  have  to  be  careful:  the  model  of  the 
static  and  stably  stratified  atmosphere  is  an  idealiza¬ 
tion  which  reflects  the  mean  overall  conditions  in  the 
earth’s  envelope;  but  to  maintain  this  mean  state  the 
actual  atmosphere  cannot  always  be  statically  stable 
everywhere,  even  then  if  the  earth  would  be  a  resting 
disk. 

Fig.  8  shows  a  meridional  cross  section  of  the 
january  northern  Hemisphere  along  80  deg  IV  which 
extends  from  the  equator  on  the  left  to  the  pole  on 
the  right.  The  bold  solid  lines  indicate  equal  zonal 
wind  speed,  the  thin  solid  lines  are  isotherms,  and 
the  dashed  are  those  of  equal  potential  temperature 
(values  on  the  right  margin).  We  can  see  that  the  hig¬ 
hest  values  of  vertical  wind  shear  of  the  mean  zonal 
wind  occur  at  about  30  — 40de(/  N.  To  make  a  crude 
estimation  of  Ki-number  stability  of  the  mean  wind 
we  take  40m.s"'/10fcni  as  a  representative  value  for 
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Figure  8:  Meridional  cross  section  through  the  nor- 
thern  heinisiiliere  along  80  deg  W  after  Landsberg 
and  Katner  [23].  Mold  solid  lines  =  zonal  wind  speed; 
thin  solid  lines  =  isothernus;  dashed  lines  =  potential 
temperature, 

the  wind  shear,  and  for  the  potential  temperature  a 
value  of  -1-3.5 /f/fcm  as  indicated  above.  This  leads 
to  a  fii-number  of  about  15  so  that  the  mean  condi¬ 
tions  must  surely  be  considered  to  be  stable. 

The  conditions  on  earth  do  not  promote  an 
equally  distributed  and  steady  input  of  latent  heat 
into  the  atmosphere.  Rather,  we  find  temporary  and 
local  phenomena,  which  means  that  the  energy  ex¬ 
changes,  which  are  necessary  to  maintain  the  overall 
mean  state,  are  highly  concentrated;  so  the  area  rela¬ 
ted  power  of  local  disturbances  may  exceed  the  over¬ 
all  mean  value  by  orders  of  magnitude.  This  is  also 
true  for  the  kinetic  energy  involved  in  these  energy 
exchange  processes.  Whereas  the  global  mean  pro¬ 
duction  rate  of  kinetic  energy  is  of  the  order  of  a 
few  VF/m^,  in  severe  local  storms  we  can  find  values 
one  order  of  magnitude  larger  in  severe  rnidlatitiide 
storms  [24]  and  presumeably  up  to  lOOfV/ni^  and 
more  in  extreme  cases. 

A  variety  of  phenomena  which  constitute  devia¬ 
tions  from  the  mean  state  is  found  in  the  planetary 
boundary  layer  because  this  is  the  region  of  the  at¬ 
mosphere  where  the  main  energy  conversions  occur. 
In  the  following  we  shall  deal  with  some  stability  rela¬ 
ted  phenomena  within  the  planetary  boundary  layer 
which  are  relevant  to  flight. 

'I’o  proceed  to  some  flight  mechanical  considera- 
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Figure  9:  Sketch  of  turbulent  energy  spectra  (from 
Panofsky  &;  Dutton  [25]. 

tions  we  shall  relate  the  fti-number  to  the  turbulent 
structure  of  the  planetary  boundary  layer  and  show 
how  this  number  can  be  used  to  asses  the  energy 
transfer  between  an  aircraft  and  its  atmospheric  en¬ 
vironment. 

It  is  well  known  that  the  turbulent  wind  velo¬ 
city  fluctuations  within  the  planetary  boundary  layer 
comprise  eddies  covering  a  wide  range  of  sizes.  The 
power  spectra  of  the  horizontal  and  vertical  velocity 
components,  respectively,  show  the  distribution  of 
energy  over  a  certain  size  range.  A  given  spectral 
diagram  (with  proper  scaling  of  the  axes)  allows  us 
to  estimate  the  energy  contained  within  a  band  of 
eddy  sizes.  Usually  the  spectral  density  is  related  to 
and  plotted  against  the  reciprocal  of  the  eddy  size, 
which  is  called  the  wave  number,  although  we  are 
not  deeding  with  a  periodic  phenomenon.  Assuming 
that  the  turbulent  elements  are  advected  to  a  fixed 
point  with  the  mean  wind  V  and  that  the  turbulent 
structure  doesn’t  change  against  the  wind  the  wave- 
number  can  be  converted  into  a  frequency,  which  is 
measured  by  an  observer  at  a  fixed  location.  This 
assumption  is  known  as  “Taylor’s  Frozen  IXirbulence 
Hypothesis"  [25].  A  typical  plot  of  a  spectral  curve  is 
shown  in  fig.  9,  where  the  abscissa  is  scaled  logarith¬ 
mically  and  the  spectral  density  has  been  multiplied 
by  the  frequency  so  that  equal  areas  under  the  curves 
correspond  to  equal  energies. 

Measurements  within  the  planetary  boundary 
layer  have  shown  that  the  particular  shape  of  a  spec¬ 
tral  curve  depends  on 

—  the  distance  from  the  ground 

—  the  stability  of  the  boundary  layer  air 

To  find  out  universal  relations  that  yield  the  shape 
of  the  spectral  distribution  of  turbulent  energy  as  a 


n/(u)  su 
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Figure  lO;  Norinalizeci  spectra  of  horizontal  and  ver¬ 
tical  wind  velocity  fluctuations  fur  the  surface  layer 
after  Kaimal  [27]  (reproduced  by  Panofsky  ic  Dutton 
[25]). 


function  of  a  single  dimensionless  parameter  it  sug¬ 
gests  itself  to  try  a  definition  a  length  scale  as  a  mea¬ 
sure  of  stability  from  all  quantities  which  are  relevant 
for  stability  .  This  length  scale  should  then  be  used 
to  non-dimensionalize  the  distance  from  the  ground, 
thereby  leading  to  a  dimensionless  height  as  a  shape 
parameter  of  the  spectral  curves. 


There  are  dilfereiit  ways  of  scaling  the  boundary 
layer.  An  example  which  applies  for  the  lower  part  of 
the  boundary  layer  is  the  so-called  Monin-Obukhov- 
scaling  [20]  where  a  characteristic  length-scale  is  de¬ 
fined  by 


g  w'9' 
- 

Oo  pCp 


(24) 


where  u,  is  the  friction  velocity,  k  the  von-Karman- 
constant,  and  w'0'/(pcp)  the  kinematic  heat  flux. 
F'ig.  10  shows  a  number  of  spectral  curves  for  the 
horizontal  and  the  vertical  component  of  the  turbu¬ 
lent  fluctuations  in  the  surface  layer,  respectively. 


Figure  11;  Normalized  peak  frequency  for  w  Kaimal 
[27]  (reproduced  by  Panofsky  At  Dutton  [25]). 


It  is  apparent  that  the  location  of  the  cur¬ 
ves’  maxima  strongly  depends  on  the  dimensionless 
height.  Fig.  11  shows  as  an  example  the  loci  of 
the  maxima  of  the  U)-spectra  as  a  function  of  zj  L,. 
Yet  for  flight  mechanical  applications  the  locus  of  the 
maximum  for  a  given  height  and  given  stability  con¬ 
ditions  is  of  greatest  interest  since  it  gives  together 
with  the  air  speed  of  an  aircraft  the  main  forcing  fre¬ 
quency  of  the  disturbances  acting  upon  the  aircraft, 
from  which  by  the  aid  of  the  transfer  functions  for 
aeroadmittance  and  mechanical  admittance  the  air¬ 
craft  response  can  be  derived. 


Unfortunately  the  determi¬ 

nation  of  the  stability-length  is  difficult  because  it 
requires  high-resolution  instrumentation.  But  since 
the  quantities  from  which  the  stability  length  is  de¬ 
rived  describe  two  phenomena,  i.e. 


vertical  heat  flux 


{ 


against 
promoted  by 


I  buoyancy 


•  stress 


we  may  argue  that  there  is  a  unique  relation  between 
the  stability  length  and  the  /ii-number.  If  it  would 
be  possible  to  apply  the  bulk-fti-number  Rih  as  a 
stability  criterion  we  simply  need  to  determine  the 
vertical  gradients  of  the  horizontal  wind  and  of  tem¬ 
perature.  And  indeed,  Businger  [28]  has  given  such 
relationships  based  upon  empirical  data. 

So  to  get  the  wavenumber  (or  equivalently  the 
wavelength)  around  which  the  maximum  energy  is 
contained  in  a  given  height  and  with  given  stability 
conditions  we  may  follow  the  subsequent  procedure: 

•  (AV/Az,  Aff)  =>  Rt’t 


In  the  convective  boundary  layer  the  influence 
of  large  eddies  goes  down  to  the  surface  so  that  also 
the  inversion  height  z*  has  to  be  taken  into  account, 
but  we  shall  not  go  into  details  here. 


Rib  =>  L» 

zfL,  — ♦  choose  the  proper  spectral  curve 

and  determine  its  maximum. 
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rigiire  12:  Maxiimiin  amplitude  gust  wave  length  for 
dill'erent  stabilities  and  dilTereut  heights. 

The  result  of  this  procedure  can  be  summarized  in  a 
diagram  showing  the  wavelength  of  the  most  inten¬ 
sive  gusts  as  a  function  of  height  for  different  values 
of  rUi,  which  occurs  as  a  shape  parameter  of  the 
curves.  Fig.  12  shows  such  a  diagram  prepared  by 
Schanzer. 

Another  stability  related  phenomenon,  which  is 
often  found  within  the  lowest  few  hundred  meters 
of  the  atmosphere  -  especially  in  clear  nights  -  and 
which  is  also  relevant  to  (light  safety,  is  the  so-called 
low  level  jet.  It  is  characterized  by  the  periodic  oc¬ 
curence  of  supergeostrophic  windspeeds  immediately 
above  the  planetary  boundary  layer.  These  windma- 
xirna  are  of  special  importance  to  flight  safety  be¬ 
cause  they  are  often  accompanied  by  high  values  of 
wind  shear. 

To  give  a  short  explanation  of  the  phenomenon 
we  start  with  the  simple  case  when  no  friction  is  pre¬ 
sent  in  the  atmosphere  and  we  consider  horizontal 
forces  only.  In  this  rase  the  only  forces  acting  on  an 
air  parcel  are  the  Coriolis  force  due  to  the  rotation 
of  the  earth  and  the  pressure  force.  If  a  parcel  starts 
moving  along  an  isobar,  which  for  a  first  aprroxima- 
tion  we  lissume  to  be  straight,  then  it  will  continue 
to  do  so  ad  infinitum  if  its  initial  speed  equals  an 
equilibrium  value,  which  is  called  the  “geostrophic 
wind  speed”.  But  if  the  initial  velocity  is  not  direc¬ 
ted  along  the  isobar  or  if  its  speed  is  different  from 
the  uniquely  determined  geostrophic  wind  speed  then 
the  parcel  will  start  oscillations. 

If  we  now  allow  for  friction  as  a  third  force, 
wliirh  nrciirs  primarily  within  the  planetary  boun¬ 


dary  layer,  then  the  wind  must  have  a  component 
directed  from  high  to  low  pressu  e,  i.e.  across  the 
isobars.  The  reason  is  that  the  pressure  field  is  the 
only  energy  source  to  overcome  the  friction  since  that 
the  Coriolis  force  can  do  no  work,  for  it  is  always  di¬ 
rected  perpendicular  to  the  velocity.  But  in  order 
to  receive  energy  from  the  pressure  field  the  motion 
must  have  a  component  along  the  pressure  gradient. 
This  component  is  usually  called  the  “ageostrophic 
component”  of  the  wind. 

We  shall  now  restrict  ourselves  to  the  nocturnal 
low  level  jet.  Hence  we  consider  the  diurnal  evolution 
of  the  planetary  boundary  layer  and  start  e.g.  with 
the  convective  boundary  layer  on  a  nice  summer  day. 
In  this  case  the  boundary  layer  may  extend  to  heights 
up  to  2itm  above  the  ground  with  turbulent  friction 
within  the  whole  range  that  differs  significantly  from 
the  frictional  forces  above.  After  sunset  the  convec¬ 
tion  ceases,  the  boundary  layer  shrinks  (possibly  to 
heights  below  100  m),  and  following  the  emission  of 
terrestrial  radiation  into  space  the  surface  cools  and 
stable  stratification  develops  near  the  ground.  As  a 
consequence  the  friction  within  the  range  above  the 
nighttime  boundary  layer  becomes  very  small  compa¬ 
red  to  the  daytime  values;  and  at  the  same  time  the 
layer  above  the  nighttime  boundary  layer  but  below 
the  upper  boundary  of  the  daytime  boundary  layer 
is  decoupled  from  the  ground. 

Since  during  daytime  there  has  been  an 
ageostrophic  component  within  this  layer  and  during 
the  night  the  only  forces  are  Coriolis’  and  pressure 
the  motion  in  the  range  immediately  above  the  night¬ 
time  boundary  layer  is  not  in  geostrophic  balance. 
This  leads  to  inertial  oscillations  which  are  charac¬ 
terized  by  a  cyclic  deviation  of  '.he  actual  wind  from 
the  geostrophic  wind.  Within  such  a  cycle  under¬ 
and  super-geostrophic  wind  speeds  occur,  whereby 
especially  the  super-geostrophic  windspeeds  are  ac¬ 
companied  by  sharp  gradients  of  horizontal  velocity. 

A  low  level  jet  can  extend  over  hundred  of  kilo¬ 
meters  making  it  like  an  horizontally  wobbling  pan¬ 
cake.  Fig.  13  shows  two  extreme  cases  of  boundary 
layer  wind  maxima  which  were  measured  by  Shel- 
kovnikov  [29],  and  whose  impact  on  aircraft  during 
landing  approaches  has  been  studied  by  Swolinsky 
[30). 


Nocturnal  low-level-jets  have  also  been  studied 
experimentally  by  Roth  [31],  Kottmeier  [32]  and 
Kraus  [33].  An  elementary  analytical  approach  to 
nocturnal  low  level  jets  has  been  given  by  Blacka- 
dar  [34].  Numerical  simulations  were  performed  by 
Thorpe  [35]  and  Malcher  h  Kraus  [36] 
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Figure  13:  Worst  case  LLJ  after  [29]  (diagram  from 
Swolinsky  [30]). 


We  now  want  to  know  how  a  certain  type  of  turbu¬ 
lence  affects- the  aircraft  motion.  A  llight  at  a  given 
height  in  a  given  atmospheric  environment  may  be 
subject  to  the  investigations.  The  model,  we  have 
just  seen  in  fig.  13  leads  us  to  a  special  characteri¬ 
stic  gust-waveiength  Lw  of  the  wind-field  passed  by 
the  aircraft  with  a  given  airspeed  V.  According  to 
Taylor’s  hypothesis  [25]  a  windfield  can  be  assumed 
to  be  time-fixed,  if  the  windspeed  is  low  compared 
to  the  aircraft  speed.  Hence  the  airspeed  has  an  im¬ 
portant  influence  on  the  frequency  of  the  gusts,  seen 
from  the  aircraft.  The  wavelength  Lu,  can  be  trans- 
verted  to  a  frequency  /«,  L y  using  the  airspeed  V 

U  =  v/u  ■  (2:^ 

Thus,  a  higher  airspeed  induces  a  higher  gust- 
frequency  in  the  same  windfield.  Most  important 
for  flight  operations  and  safety  are  the  accelerations 
and  flightpath-changes  of  the  aircraft  in  the  wind- 
field.  Therefore  transfer-functions  from  windspeed 
to  the  aircraft-response  are  very  helpful  for  further 
investigations.  As  an  example  we  want  to  set  up 
the  transfer-function  from  the  vertical  windspeed 
to  the  vertical  acceleration  of  the  aircraft.  Let  us 
first  review  the  phases  of  an  aircraft  flying  into  a 
step-shaped  upwind-gust:  in  a  stationary  horizontal 
flight,  the  aerodynamic  lift  equals  the  weight  of  the 
aircraft  (fig.  14): 

W  =  L  =  ^V^  S  cLa-as,  .  (26) 

When  the  aircraft  is  penetrated  by  the  vertical 
upwind-gust,  an  additional  angle  of  attack  Aot  arises 
producing  additional  lift  AL  and  an  upward  accele¬ 
ration  H  of  the  aircraft-mass  m: 

AL  =  m  ■  H  =  ■  S  ■  CLa  ■  Ao  (27) 

with  the  lift  coefficient  assumed  to  be  linear  (c^a  = 
const).  The  pitching  motion  of  the  aircraft  is  neglec¬ 
ted,  to  keep  this  model  simple. 

The  flightpath-vector  rises  whereas  the  vertical 
windspeed  is  chosen  to  be  constant  and  the  additio¬ 
nal  angle  of  attack  Aa  decreases. 


Xa,  **,  x. 


Figure  14:  The  aircraft  flies  in  steady  conditions, 
horizontal  flight  at  an  airspeed  V  without  wind  at  a 
certain  angle  of  attack  orsi  to  keep  the  lift  L  equal 
to  its  weight  W 
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Figure  15:  At  the  time  tlie  gust  of  upwind  is 
reached,  the  flight  path  speed  14  initially  remains 
constant,  whereas  tlie  airspeed  is  the  result  of  14  and 
w,^  with  an  additional  angle  of  attack  A«,  initially 
equal  to  the  wind-induced  angle 


xy 


Figure  17:  The  aircraft  has  returned  to  a  steady,  now 
climbing  flight.  Aa  =  0  and  AL  =  0. 


Figure  IG:  The  additional  lift  accelerates  the  aircraft 
upwards,  the  longitudinal  lift  component,  which  ari¬ 
ses  whei,  the  lift-vector  is  turned  into  the  new  di¬ 
rection  of  airstreain,  is  sissumed  low  and  omitted  for 
this  view. 


Figure  18:  Free  and  bounded  vortex  of  a  wing- 
circulation  [37]. 

Which  is  of  the  form  of  a  DTi-link: 


Now  we  can  start  to  develop  the  transfer- 
function  from  equation  (27).  Assuming  small  angles, 
from  fig.  1'1,15,IG  can  he  derived: 


.  -  H 

(28) 

With  cq.  (27): 

AL  -  ■ScLa(^'‘>w  - 

(u;„  -  If)  (29) 

Laplace-transformed: 

AL  =  Aa  ■  (u5u,  - 

1  (30) 

E(|U''lion  (27)  Laplace-transformed: 

s^/'f  =  Ah/m  . 

(31) 

Kcuations  (30)  and  (31)  together  yield: 


resulting  in  the  transfer-function  from  vertical  wind 
to  additional  lift: 


Ah  tns 

(,)  =  - - 

I  f  -,-.s 


with 


F(s) 


KTs 

\+Ts 


K  =  Aa  and  T  =  m/Aa 


(34) 


Looking  back  to  the  step-shajied-gust,  it  has  to 
be  considered,  that  the  lift-force  on  the  wing  does 
not  build  up  immediately,  when  the  angle  of  attack 
changes.  An  additional  circulation  AF  appears  when 
a  changes.  A  wing-bounded  and  a  free  vortex  coun¬ 
teract,  so  initially  no  additional  lift  is  produced.  As 
the  free  vortex  is  left  behind,  the  bounded  one  be¬ 
comes  effective  and  lift  rises  in  the  same  manner 
(fig.  1 8).  An  approximation  of  the  time-behavior  of 
unsteady  lift  can  be  developed  from  the  approach  of 
the  Kiissner-function  '!'(<)  (see  Schanzer  [37]). 

AL(l)  =  ALao'^[t)  .  (35) 


A  simple  form  of  this  model  will  be  sufficient  to 
approximate  gust-loads  (see  Schanzer  [37]). 

'l'(f)  =  I  -  e-‘/^‘  (36) 

with 

r.  =  /t 

The  factor  /  ran  be  drawn  out  of  optimization- 
calculations  and  is  depending  on  a.spert-ral io  and 
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Figure  19;  Uotle-Diagramin  of  transfer-function  Wu, 
to  AL. 


Figure  20:  Unsteady  lift  variance  as  a  function  of 
height  and  atmospheric  stability  [37]. 

unsteady  lift  variance  a\  to  stationary  lift  variance 
(r\  5,  increases  with  height  and  atmospheric  stability, 
i.e.  the  /ii-number. 


Mach-niimbcr  [37].  A  Laplace-transformation  of  eq. 
(3l))  (ogollii'r  witli  <’q.(3.'i)  loads  to  the  trtansfer- 
fiuiotion  from  stationary  to  unsteady  lift: 

^  =  -L_  (37) 

C'umbiiiation  of  eiis.  (34)  and  (3G)  leads  to  the 
transfer-function: 


AF(.s)  _  KTs  _ 

'u.  (s)  1-f-Ts  l-fT/tS 


(38) 


witli 


l<  =  A„ 


and 


Fig  19  shows  a  Hodc-Diagramm  of  this  transfer- 
function  for  the  following  set  of  aircraft  data: 


5  Energy  budget  of  aircraft 
and  safety  criteria 


Facing  a  Hying  aircraft  from  the  energetic  point  of 
view,  it  can  be  described  as  a  system  of  energy  st  ores. 
Single  stores  can  exchange  energy  with  each  other 
and  across  the  border  of  the  system  “aircraft”  with 
its  environment,  usually  the  atmosphere.  Depending 
on  the  case,  the  exchange  can  take  place  in  one  or 
both  directions,  but  is  combined  with  a  transforma¬ 
tion  of  the  energy-form  with  a  certain  loss  according 
to  the  effectivity  of  the  transformation  process.  The 
energy  flow  E  between  the  stores  or  the  atmosphere 
is  the  f’ower  P. 

Let  us  now  take  a  look  at  the  different  energy 
forms,  stores  and  describing  values. 


jn  =  kg  cia  =  4.0 

V  —  GO  m/.s  =  2.0  m 

•S'  =  28  up  p  ~  1.225  kg/jiP 

riie  diagram  shows  clearly,  that  the  additional 
lift  has  a  maximum  a|)proximatcly  between  1  Ilz  and 
50 //z  of  gust  circle-frequency.  In  this  range  the  wing 
.structure  is  .stre.s.sed  mastly.  At  lower  frequencies, 
the  aircraft  is  able  to  follow  the  gust  waves,  at  higher 
frequencies  lift  cannot  build  up  due  to  the  low-pass 
l)eii,avior  of  the  Kiissner-function,  With  tiiis  kind  of 
transfer-functions  any  wind-model  achieved  by  me¬ 
teorological  modelling  ran  be  applied  to  an  aircraft- 
model  for  analysing  structural  loads  or  flight  path 
deviations.  The  same  effects  could  be  shown  with 
longitudinal  gusts.  In  this  case  the  change  of  the  air¬ 
speed  AV  would  cause  the  change  in  lift  AL.  With 
this  transfer-function  the  curves  of  fig.  13  can  be 
transverted  into  a  diagram  of  additional  lift,  respec¬ 
tively  acreleration,  depending  on  the  height  and  at¬ 
mospheric  stability.  Fig,  20  shows  how  the  ratio  of 


A  powered  aircraft  has  stored  an  amount  of  che¬ 
mical  energy  in  its  fuel  tanks  which  can  be  transfor¬ 
med  to  mechanical  energy  by  the  engines.  The  level 
of  this  store  can  be  expressed  in  the  remaining  fuel 
quantity.  'I'he  energy  flow  from  the  engines  has  to 
be  divided  into  one  stream,  which  is  needed  to  coun¬ 
teract  the  drag.  The  remaining  .stream,  if  there  is 
one  left,  can  be  taken  to  feed  the  other  stores.  The 
influence  of  the  chemical  energy  store  on  flight  safety 
is  evident,  everyone  knows  what  happens  if  this  store 
runs  dry. 

'I’he  level  of  the  potential  energy  store  can  be  ex¬ 
pressed  by  the  height.  It  becomes  marginal  for  flight 
safety  if  an  impact  on  the  ground  is  possible.  Energy 
exchange  with  the  atmosphere  takes  place  in  vertical 
winds.  An  upward  movement  of  the  surrounding  air 
delivers  potential  energy  to  the  aircraft,  downwind 
takes  energy  from  it. 

Kinetic  energy  in  the  common  physical  sense  is 
defined  by  using  the  flight  path  speed.  Aerodyma- 
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iiiic  forces  are  clepeiuliiig  oil  the  airspeed,  thus  the 
dermition  of  the  aero-kinetic  energy  by  using  the  air¬ 
speed  is  of  nuich  more  interest  regarding  to  flight 
.safety.  So  the  airspeed  is  a  value  for  the  level  of  ki¬ 
netic  energy.  A  low  margin  would  be  the  aircraft 
approacliing  stall  speed,  an  upper  limit  is  the  design 
speed.  Using  tlie  aero-kinetic  energy,  an  exchange 
witli  the  atmosphere  would  be  a  flight  into  a  longitu¬ 
dinal  gust,  e.g.  in  a  wind-shear.  Due  f  5  the  inertia  of 
mass  the  aircraft  initially  keeps  its  flitht  path  speed. 
'I'he  airspeed  changes  with  the  wind,  resulting  in  an 
aerokinetic  energy  gain  or  loss  until  the  flight  path 
speed  reaches  the  new  value.  Most  Important  for 
flight  safety  is  the  quick  exchange  of  kinetic  to  po¬ 
tential  energy  or  vice  versa,  which  is  possible  simply 
by  using  the  elevator. 

A  certain  level  of  energy  can  be  stored  by  ela- 
stical  deformation  of  the  aircraft-cell,  especially  the 
wings.  The  upper  margin  could  be  a  certain  value  of 
the  aircraft  weight  multiplied  by  the  g-load,  at  which 
structural  damages  are  to  be  expected.  If  the  aircraft 
flies  into  a  gust,  a  change  of  lift  causes  the  wings  to 
bend  until  the  aircraft  mass  is  accelerated.  In  this 
rase  energy  is  buffered  until  it  is  passed  to  the  poten¬ 
tial  and  kinetic  energy  stores.  As  this  energy  store 
is  not  relevant  for  flight  path  applications  it  will  be 
neglected  in  our  further  considerations. 

The  rotation  energy  is  of  minor  interest,  because 
its  absolute  value  is  low,  compared  to  the  kinetic  and 
potential  energy,  in  addition  it  is  not  directly  related 
to  safety.  Of  course  a  spinning  aircraft  is  probably  in 
danger,  but  more  important  to  its  safety  are  the  loss 
of  potential  and  excess  of  kinetic  and  elastic  energy. 
Rotation  energy  could  become  important,  if  wake- 
turbulence  is  taken  into  account. 

Ooncluding  the  energy  considerations,  we  have 
two  main  kinds  of  aircraft  energies  which  are  directly 
influenced  by  wind; 

•  Potential  energy:  Epai  =  vigil 
which  is  changed  especially  by 

vertical  wind;  Epot  =  vig  (V  sin(a'a,  —  7)  +  te„,) 

•  Aerokinetic  energy;  E^in  =  mvy-i 

which  is  changed  especially  by 
horizontal  wind:  ^ 

•  (V'  +  "w  c.os(ou,  -  7))  /2 

Now  the  (|uestion  is,  how  these  different  energy- 
stores  are  affected  by  a  given  wind-phenomenon  and 
what  kind  of  wind  brings  which  store  to  a  margin. 


Downdraft 


Figure  21:  Sketch  of  a  downburst  [38]. 


Figure  22:  Windspeed  profile  in  a  low  level  jet. 


vector  with  its  components  Uu, ,  Uu, ,  ui„,  yields  a 
nine  element  gradient  tensor; 


grad  Vu,  = 


/ 

dua 

du^ 

duu, 

\ 

dx 

dy 

dz 

dv^ 

dv^jfj 

dvu, 

dx 

dy 

dw.ui 

dw^ 

dwu, 

\ 

dx 

dy 

dz 

(39) 


Only  three  of  these  elements  seem  to  be  relevant  in 
wind  shear  accidents: 


-  wind  variation  with  height  du^/dz  = 


Wind  shear  situations  arise  mostly  during  unstrt- 
ble  or  neutral  atmospheric  conditions.  Typical  wind 
shear  situations  are  those  appearing  during  thunder¬ 
storm  downbursts,  low  level  jets  or  due  to  the  earth’s 
•surface  boundary  layer  (see  figs.  21  and  22). 

In  till’  at iiiospln-re  the  flow  is  usually  three- 
dine-n  Ml itial  1  Im''  sp.il.ial  v.iriation  of  the  windspeed 


-  wind  variation  along  the  du^/dx  =  u^i 
flight  path 

-  spanwise  variation  of  the  dui^/dy  =  Wu,^ 
vertical  wind 

These  wind  gradients  change  the  aerodynamic 
forces  acting  on  the  aircraft.  The  first  two  elements 
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influence  the  longitudinal  motion  whereas  the  lat¬ 
ter  induces  a  rolling  motion  in  the  lateral-directional 
mode.  The  ICAO  clsissifies  the  wind  gradient  Uu,j  as 

-  dangerous  if  >  0.200  I/s 

-  diflicult  if  Uu,z  >  0.130  1/s 

-  significant  if  >  0.066  1/s 

Considering  only  the  aircraft’s  longitudinal  mo¬ 
tion  the  time  dependent  horizontal  wind  speed  may 
be  expressed  as  follows; 

—  ^WT  * 

Wind  variation  with  time  leads  to  the  following  equa¬ 
tion  [38]: 

—  Wu/rTjt  HyjzH  (’^l) 

The  variation  of  the  horizontal  wind  with  time  de¬ 
pends  on  the  aircraft’s  kinetic  velocity  V/(  and  the 
vertical  speed  H .  Thus,  if  an  aircraft  enters  a  space- 
variable  windfield  it  will  be  transformed  into  a  time 
variable  windfield,  which  will  have  an  effect  on  the 
aerodynamic  flow  around  the  aircraft.  Considering 
the  unsteady  aerodynatuic  loads  the  aircraft’s  reac¬ 
tions  to  a  simple  wind  shear  model  are  shown  on 
fig.  23.  The  airsj)eed  changes  at  the  time  the  wind- 
speed  decreases  from  —12  m/s  to  Om/s  inducing  the 
phugoid  motion.  The  deviations  from  the  flight  path 
are  significant  (AW  >  100m)  and  could  lead  to  an 
accident  during  a  landing  approach.  The  total  energy 
rate  with  its  kinetic  and  potential  components  are 
plotted  during  this  procedure  as  well. 

In  order  to  avoid  wind  shear  accidents,  deviati¬ 
ons  from  the  flight  path  and  airspeed  must  be  held 
to  a  minimum.  Mathematically  this  means; 

AW  =  0 


and 


AT  =  0 


riie  kinetic  velocity  Tk  is  the  superposition  of  air¬ 
speed  V  and  windspeed  V^,.  This  is  true  for  the  time 
derivatives  as  well: 


Vk  =  y+K  (42) 


Taking  into  account  the  requirement  that  the  air¬ 
speed  V  has  to  be  kept  precisely  it  results  that  the 
kinetic  velocity  has  to  be  changed  with  wind  speed 
variations: 

14  =  K.  .  (43) 

In  other  words  this  means  that  the  total  energy  (kine¬ 
tic  -f  potential)  has  to  be  kept  constant  throughout 
a  wind  shear  field  This  requirement  can  be  fulfilled 
by  providing  or  takitig  thrust  energy.  The  linearized 
longitudinal  equations  of  motion  yield  the  following 
dependency  of  thrust  from  wind  [30]: 


AT 

IT 


u„, 


-1- 


T 


7  + 


^W,yg 


(44) 
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Figure  23:  Reaction  of  an  aircraft  to  a  simple  hori¬ 
zontal  wind  shear  model. 


Where  Uu,,  =  f(Uuiz,^wz)  as  shown  in  eq.  (41).  Fig. 
24  shows  the  flight  path  during  a  landing  approach 
through  a  low  level  jet  with  and  without  thrust  com¬ 
pensation.  The  danger  of  a  crash  due  to  the  loss 
of  total  energy  is  obvious.  In  fig.  25  the  reaction 
time  At  of  a  number  of  pilots  to  compensate  thrust 
is  plotted  against  the  maximum  wind  speed  depen¬ 
dent  height  of  a  low  level  jet.  It  shows  clearly  the 
tendency  of  the  pilots  not  to  react  correctly  with  in¬ 
creasing  height. 


6  Conclusions 


It  may  be  concluded  that  it  is  a  matter  of  power 
density  and  wavelength  of  the  wind-phenomenon  re¬ 
sulting  from  the  atmospheric  conditions  in  relation 
with  aircraft  type  specifications,  such  as  mass  and 
wing  loading,  if  the  wind  influence  results  more  in 
a  power  and  energy  problem  or  in  a  structural  one. 
The  first  case  is  relevant  for  flight  safety  from  the 
flight  dynamics  point  of  view  and  wets  discussed  by 
analysing  the  aircraft’s  flight  path  response  to  a  sim¬ 
ple  wind  shear  model.  The  resulting  flight  safety 
requirement  is  that  the  total  energy  of  the  system 
“aircraft”  has  to  be  kept  constant,  which  can  be  ful¬ 
filled  by  providing  or  taking  thrust  energy  according 
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Figure  24;  Flight  path  of  a  landing  approach  du¬ 
ring  wind  shear  conditions  (low  level  jet)  with  and 
without  thrust  compensation. 

to  the  energy  How  resulting  from  windspeed  variati¬ 
ons. 

Appendix 

Derivation  of  Equation  (4) 

We  refer  to  the  footnote  concerning  the  suniina- 
tion  rule  for  tensors  on  page  3  and  start  with  the 
equation  of  motion  of  a  fluid  element  (2)  in  lire  form 


' - < - 1 - ■ - 1 - 1 - \ - . - 1 - 

•  li  II  ]l  41 


(lUi 


dui 


(it  dxk 
Employing  the  notation 

Ekin  ■  = 


dxi 


(45) 


2 


the  first  term  on  the  left  hand  side  can  be  written 


dui 

IT 


dt 


d  dEkin 
dl  dui 


(46) 


whereas  the  second  term  on  the  left  hand  side  upon 
multiplication  with  u;  yields 

After  changing  indices  on  the  right  hand  side  of  (47) 
to 

dEkin 


dxi 


and  dividing  the  equation  by  u,-  we  substitute  eqs. 
(40)  and  (47)  into  eq.  (45)  to  give 


dEkir 

dxi 


a 

dxi 


(48) 


If  we  assume  that  the  potential  is  independent  of 
velocity  we  can  add  'll  inside  the  brackets  on  the  left 
side  of  eq.  (48)  and  get  the  equivalent  relation 

7i  77,  -  '‘'1  =  °  •  (^9) 


Figure  25:  Pilot’s  reaction  delay  during  landing  ap¬ 
proaches  through  low  level  jets. 


and  with  the  Lagrangian  function 
E  ■—  Ekin  —  4' 

we  finally  have 

£d£  cl£  _ 
dt  dui  dxi 


(50) 
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ABSTRACT 

Quantitative  feedback  theory  (QFD  has  achieved  the  status 
as  a  very  powerful  design  technique  for  the  achievement  of 
assigned  performance  tolerances  over  specified  ranges  of 
plant  uncertainties  without  and  with  control  effector 
failmes.  This  paper  presents  a  brief  overview  of  QFT  and  its 
applications  to  advanced  MIMO  flight  control  systems. 
Desired  performance  over  varied  flight  conditions  may  be 
achieved  with  fixed  compeitsators  (controllers),  despite 
failures  of  effectors.  QFT  is  the  orUy  design  technique  that 
has  been  able  to  make  considerable  progress  in  improving 
the  design  of  an  overall  flight  control  system  taking  into 
account  the  man-in-the-loop  specifications. 

INTRODUCTION 

The  paper  is  divided  into  four  parts,  the  first  part  presents 
a  qualitative  overview  of  the  theorectical  concepts  of  QFT, 
the  second  part  presents  a  number  of  examples  to  which 
QFT  was  utilized  to  design  the  control  system,  the  third 
part  presents  the  concept  of  a  dual  recotrfigiuable  control 
system  scenario,  and  the  fourth  part  presents  an  overview 
of  QFT  computer-aided -design  (CAD)  programs.  A  short 
reference  list  is  presented  as  a  supplement  to  this  list. 

PART  1  -  OVERVIEW  OF  QFT 
1.1  Introduction''''*® 

Quantitative  feedback  theory  (QFT)  is  a  unified  theory  that 
emphasizes  the  use  of  fedback  for  achieving  the  desired 
system  performance  tolerances  despite  plant  uncertainty 
and  plant  disturbances.  QFT  quantitatively  formulates  these 
two  factors  in  the  form  of  (a)  sets  \  ={Tn}  of  acceptable 
tracking  or  command  input-output  relations  and  =  (Tp) 
of  acceptable  disturbance  input-output  relations,  tmd  (b)  a 
set  P  =  {P}  of  possible  plants.  The  object  is  to  guarantee 
that  the  control  ratio  T^  =  Y/R  is  a  member  of  7^  and 
Tp  =  Y/D  is  a  member  of  Tr,.  for  all  P  in  P.  QFT  is 
applicable  for  both  nonlinear  and  linear,  time-'varying  and 
time-invariant,  continuous  and  sampled-data,  uncertain 
MISO  and  MIMO  plants,  and  for  both  output  and  internal 
variable  feedback. 

The  representation  of  a  MIMO  plant  vrith  m  inputs  and  t 
outputs  is  shown  in  Fig.  1.  The  QFT  synthesis  technique  for 
highly  uncertain  LTI  MIMO  plants  has  the  following 
features*; 

1.  The  MIMO  synthesis  problem  is  converted  into 
a  number  of  single-loop  feedback  problems  in 
which  parameter  uncertainty,  external 
disturbaitces,  and  performance  tolerances  are 
derived  from  the  original  MIMO  problem.  The 
solutions  to  these  single-loop  problems  are 
guaranteed  to  work  for  the  MIMO  plant.  It  is  not 
necessary  t<  cortsider  the  complete  system 


characteristic  equation. 

2.  The  design  is  tuned  to  the  extent  of  the 

uncertainty  and  the  performance  tolerances. 

This  frequency-domain  design  techniqtie  is  applicable  to  the 
following  classes:  (a)  MISO  linear  time-invariant  (LTI) 
systems;  (b)  MISO  nonlinear  ^tems;  (c)  MIMO  LTI 
systems  for  which  the  performance  specifications  on  each 
individual  closed-loop  system  transfer  function  and  on  all 
the  closed-loop  disturbance  response  functions  must  be 
specified;  (d)  MIMO  nonlinear  systems;  (e)  disturbed 
systems;  and  (0  sampled-data  systems  as  well  as 
continuous  systems  for  all  classes.  The  MIMO  classes  are 
converted  into  equivalent  sets  of  MISO  systems  to  which  the 
QFT  design  technique  is  applied.  The  objective  is  to  solve 
the  MISO  problem,  i.  e.,  to  find  compensation  functions 
which  gtiarantee  that  the  performance  tolerances  for  each 
MISO  problem  are  satisfied  for  all  P  in  P.  The  amount  of 
feedback  designed  into  the  system  is  then  tuned  to  the 
desired  performance  sets  and  and  the  given  plant 
uncertainty  set  P.  Also,  time-varying  and  nonlinear 
uncertain  plant  sets  can  be  converted  into  equivalent  MISO 
LTI  plant  problems  to  which  the  MISO  frequency-domain 
technique  can  be  readily  applied  and  where  the 
fundamental  tradeoffs  are  highly  visible.* 

1.2  MIMO  Uncertain  Plants' 

The  state-space  representation  for  a  LTI  MIMO  system  is: 

±{t)  =  Ax(t)  +  flu(t)  (1) 


y(t)  =  ac(t)  (2) 

where  A,  B,  and  C  are  constant  matrices.  The  plant 
transfer-function  matrix  P(s)  is  evaluated  as 

Pis)  =  C[sJ  -  A]-'B  (3) 

This  plant  matrix  P(s)  =  [pjjfs)]  is  a  member  of  the  set 
P  =  {P(s)}  of  possible  plant  matrices  which  are  functions 
of  the  uncertainty  in  the  plant  parameters.  In  practice,  only 
a  finite  set  of  P  matrices  is  formed,  representing  the 
extreme  boundaries  of  the  plant  uncertainty  under  varying 
conditions. 

Figure  2  represents  an  mxm  MIMO  closed-loop  system  in 
which  F,  G,  and  P  are  each  mxm  matrices.  There  are  m^ 
closed-loop  ^tem  transfer  functions  (transmissions)  tjj(s) 
contained  within  its  system  transmission  matrix,  i.e.,  T(s)  = 
{t,j(s)},  relating  the  outputs  yj(s)  to  the  inputs  rj(s),  e.g., 
Yiis)  =  t^(s)rj(s).  In  a  quantitative  problem  statement  there 
are  tolerance  bounds  on  each  tj(s),  giving  a  set  of  m* 
acceptable  regions  r,j(s)  which  are  to  be  specified  in  the 
design,  thus  tij(s)  c  Tjjfs)  and  T(s)  =  {rijfs)}. 
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From  Fig.  2  the  following  equations  can  be  written 


r  =  [A  +  a}-^ior  ~  bv\  («) 


y  =  Px  x==Gu  u=v-y  v  =  Fr 

In  these  equations  G(s)  and  F(s)  are  the  matrices  of 
compensator  and  prefilter  transfer  functions,  respectively, 
and  are  often  simplified  to  diagonal  matrices,  i.e.,  G(s)  = 
diagfgjfs)}  and  F(s)  =  diagffjfs)}.  The  combination  of 
these  equations  yields 

Y  =  [I  +  PG]  -^PQFz  (.*) 

where  the  system  control  ratio  relating  r  to  y  is 

T  =  [X  +  PO]  (5) 


The  QFT  objective  is  to  design  a  system  which  behaves  as 
desired  for  the  entire  range  of  plant  uncertainty.  This  requir 
es  rinding  three  fjfs)  and  three  gi(s),  for  diagonal  matrices, 
such  that  each  t^(s)  stays  within  im  acceptable  region 
T|j(s),  no  matter  how  Pjj(s)  may  vary.  The  MIMO  system,  in 
order  to  simplify  the  design  process,  is  converted  into  an 
equivalent  set  of  MISO  systems,  as  shown  in  the  next 
section. 

13  The  MISO  Equivalent  Method^’’*’ 


This  section  presents  an  overview  of  the  representation  of 
an  mxm  MIMO  system  by  m*  MISO  equivalent  systems,  each 
with  two  inputs  and  one  output.  One  input  is  designated  as 
a  'desired'  input  and  the  other  as  a  'disturbance'  input.  The 
inverse  of  the  plant  matrix  is  represented  by 


Pii*  Pit*  ••  Pi«* 
Pjl*  Pzz*  -  Pzm* 


<6) 


P«j*  P«r*  •••  P-.* 


This  is  is  used  to  derine  the  desired  fixed  point  mapping 
where  each  of  the  m^  matrix  elements  on  the  right  side  of 
(9)  can  be  interpreted  as  a  MISO  problem.  Proof  of  the 
fact  that  the  design  of  each  MISO  system  yields  a 
satisfactory  MIMO  design  is  based  on  the  Schauder  fixed 
point  theorem.’  This  theorem  is  described  by  defining  a 
mapping  Y(T)  by 

y(T)  A  [A  +  0]  'M0P  -  BY]  (10) 

where  each  member  of  T  is  from  the  acceptable  set  T  .  If 
this  mapping  has  a  fixed  point,  i.e.,  T  t  T  such  that 
Y(T)  =  T,  then  this  T  is  a  solution  of  (9).  Figure  3  shows 
the  four  effective  MISO  loops  in  the  boxed  area)  resulting 
fiom  a  2x2  system  and  the  nine  effective  MISO  loops 
resulting  from  a  3x3  system,’  The  control  ratios  for  the 
desired  tracking  of  the  inputs  r^  by  the  corresponding 
outputs  y  for  each  feedback  loop  of  (10),  of  the  MISO 
equivalent  systems,  have  the  form 

Yu  =  (11) 

=  Vri  Vdij 

where  w^  =  qj/fl  -t  giq^)  and  Vy  =  gjfg.  The  interaction 
between  the  loops  has  the  form 

djj  =  -£  (  tjrj/qTjjrl  (12) 

and  appears  as  a  'disturbance'  input  in  each  of  the 
feedback  loops. 

If  the  plant  matrix  P  is  not  a  square  matrix  then  P  is 
replaced  in  the  above  equations  by  the  'effective  plant 
itratrix'  P,  where  P,  =  PW  and  W  is  an  txm  weighting  or 
a  squaring  down  matrix. 

1.4  The  MISO  QFT  Design'* 


where  A  is  the  diagonal  part  and  B  is  the  balance  of  F*. 
A  Q  =  {qjj}  matrix  is  obtained  from  (6)  by  letting  qjj  = 
1/Pjj*  thus 

^Tii  <?i2  -  <Jim 


l. 4.1  Perfonnanoe  Specificatioiis  -  The  overview  of  the 
QFT  design  technique  is  best  presented  in  terms  of  the 

m. p.  LTI  MISO  system  of  Fig.  4  sitme  an  mxm  MIMO 
control  system  can  be  represented  by  m^  equivalent  MISO 
control  systems.  The  control  ratios  for  tracking  (0  =  0) 
and  for  disturbance  rejection  (R  =  0)  are,  respectively, 

T  (s)  -  f(s)Gls)P(s) 

]  (13) 

~  1  *  L 


<Jm2 

The  effective  plant  transfer  functions  ate  formed  as 
*  1/Pi^*  “  IdetP/adJPij]  (8) 

or 

where  is  a  requirement  that  detP  be  minimum  phase 
(m.p.).  Utiliring  (6),  (S)  is  manipulated  to 


(14) 

,  =  P(g)  ,,  P 
"  1  ♦  G(s) P(S)  I  *  L 
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Td  =  «p  =  a  constant 


(15) 


The  tracking  thumbprint  specifications,  based  upon 
satisfying  some  or  all  of  the  step  forcing  function  figures 
of  merit  for  underdamped  (Mp,  tp,  tj,  tp  and 
overdamped  (t^  tp  ly  responses,  respectively,  for  a 
simple-second  system,  ate  depicted  in  Fig  5a.  The  Bode 
plots  corresponding  to  the  time  responses  yft)^  and  y(t)^ 
in  Fig.  5b  represent  the  upper  bound  and  lower  txiund 
respectively,  of  the  thumbprint  specifications;  Le.,  an 
acceptable  response  y(t)  must  lie  between  these  bounds. 
Note  that  for  Ae  m.p.  plants,  only  the  tolerance  on 
fTpQwi)!  need  be  satisfied  for  a  satisfactory  design.  For 
notuninimum-phase  (n.m.p.)  plante,  tolerances  on 
Z-Tp(j<i>|)  must  also  be  specified  and  satisfied  in  the 
design  process.®'*’”  It  is  desirable  to  synthesize  the 
tracking  control  ratios  corresponding  to  the  upper  and 
lower  boimds  T^j,  and  T^^,  respectively,  so  that  fR(j<i)i) 
increases  as  Uj  increases  above  the  0  dB  crossing 
frequency  of  T^y.  This  characteristic  of  f  ^  simplifies  the 
process  of  synthesizing  a  loop  transmission  L„(s)  = 
G(s)Po(s),  where  P<,  is  the  nominal  plant  transfer 
function,  that  requires  the  determination  of  the  tracking 
boimds  which  are  obtained  based  upon 

The  simplest  disturbance  control  ratio  model  is  Tp(s)  = 
Y(s)/D(s)  =  «p  a  constant  (the  maximum  magnitude  of 
the  output  ba^  upon  a  unit  step  disturbance  input). 

1.4i  Plant  Templates  of  Pj(s),  TP(ja^)  -  With  L  =  GP, 
(13)  yields 

Lm  Tj,  =  Lm  F  Un  j  -  f  -j  (16) 

The  change  in  Tf,  due  to  the  uncertainty  in  P  is 

A  (Zjn  Tg)  =  Lm  Tg  -  Lw  F 


By  the  proper  design  of  L  =  L,  and  F,  this  change  in  T^  is 
restricted  so  that  the  actual  value  of  Lm  Tg  always  lies 
between  By  and  B^,  of  Fig.  5.  The  first  step  in  synthesizing 
an  Lg  is  to  make  templates  which  characterize  the 
variation  of  the  plant  uncertainty,  as  described  by  j  = 

1,2,  ...,  J  plant  transfer  functions,  for  various  values  of  U| 
over  a  specified  frequency  range.  For  the  simple  plant 


P(s) 


JCa 

3 {a  *  a) 


(18) 


where  K  «  (1,10)  and  a  t  {1,10},  is  used  to  illustrate 
how  the  templates  are  obtained  for  a  plant  with  variable 
parameters.  The  region  of  plant  uncertainty  is  depicted  in 
Fig.  6.  The  boundary  of  the  plant  template  can  be 
obtained  by  mapping  the  boundary  of  the  plant  para¬ 
meter  imcertainty  region  as  shown  on  the  Nichols  chart 
(NQ  in  Fig.  7.  A  curve  is  dravm  through  the  points  A,  B, 


C,  and  D  and  the  shaded  area  is  labeled  ^P0l)>  which 
can  be  represented  by  plastic  a  template.  Templates  for 
other  values  of  <i>j  are  obtained  in  a  similar  manner. 

1.4.3  U-Cmitour  -  The  specifications  on  system 
performance  in  the  frequency  domain  (see  Fig.  5)  identify 
a  minimum  damping  ratio  (  for  the  dominant  roots  of 
the  closed-loop  system  which  becomes  a  bound  on  the 
value  of  Mp  -  M„.  On  the  NC  this  bound  on  M„  = 

(see  Fig.  5)  establishes  a  region  which  must  not  be 
penetrated  by  the  template  of  LQu)  for  all  <a.  The 
boundary  of  this  region  is  referred  to  as  the  universal 
high-frequency  boundary  (UHFB),  the  U-contour,  because 
this  becomes  the  dominating  constraint  on  LQu). 
Therefore,  the  top  portion,  efa,  of  the  M|,  contour 
becomes  part  of  the  U-contour.  For  a  large  problem  class, 
as  ii>  ->  •,  the  limiting  value  of  the  plant  transfer  function 
pproaches 

=  ~  (19) 

where  1  represents  the  excess  of  poles  over  zeros  of  P(s). 
The  plant  template,  for  this  problem  class,  approaches  a 
vertical  line  of  length  equal  to 

^  ^  <20) 

=  UnJ<^-LmK^^  =  V  dB 


If  the  nominal  plant  is  chosen  at  K  =  then  the 
constraint  M,,  gives  a  boundary  which  approaches  the  U- 
contour  abcdefa  of  Fig.  8. 

1.4.4  Bounds  B,Qu)  oa  -  The  determination  of 
the  tracking  BgQuj)  and  the  disturbance  By(ji»i)  bounds 
are  required  in  order  to  yield  the  optimal  bounds  Bgfjuj) 
on  LpOwi).  The  solution  for  BgQuj)  requires  that  the 
actual  ATgQui)  <.  igQUj)  dB  in  Fig.  5.  Thus  it  is 
necessary  to  determine  the  resulting  constraint,  or  bound 
Bg(juj),  on  LQuj).  The  procedure  is  to  pick  a  nominal 
plant  F„(s)  and  to  derive  the  bounds,  by  use  of  templates 
or  a  CAD  package,  on  the  resulting  nominal  transfer 
function  L„(s)  =  G(s)P„(s).  The  disturbance  bounds  can 
be  determined  by  the  method  described  in  Reference  5. 
For  the  case  shown  in  Fig.  9  BgQuj)  is  composed  of  those 
portions  of  each  respective  bound  B^Qw))  and  ByOwi) 
that  have  the  largest  dB  values.  The  synthesized  LbOUj) 
must  lie  on  or  just  above  the  bound  Bjwj)  of  Fig.  9. 

1.4.5  Syntheahmig  (or  Loop  Shaping)  I^(s)  and  F(s)  - 
The  shaping  of  l^Ou)  is  shown  by  the  dashed  curve  in 
Fig.  9.  A  point  s^  as  Lm  l^(j2)  must  be  on  or  above 
B,(j2).  Further,  in  order  to  satisfy  the  specifications, 
l^Ou)  caimot  violate  the  U-contour.  In  this  example  a 
reasonable  Lt,(|t*)  closely  follows  the  U-contour  up  to 

u  »  40  rad/sec  and  must  stay  below  it  above  u  =  40  as 
shown  in  Fig  9.  It  also  must  te  a  Type  1  function  (one 
pole  at  the  origin).  Synthesizing  a  rational  function  Lg(s) 
which  satisfies  the  above  specification  involves  building 
up  the  function  where  for  k  =  0,  G,  =  14_0®,  and  K  = 

is  built  up  term-by-term  or  by  a  CAD 
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X-oO'w)  =  iioitO'w) 

(21) 

loop  shaping  routine,’^  in  order  to  stay  just  outside  the 
U-contour  in  the  NC  of  Fig.  9  [see  (21)  where  k  = 

0,1, 2,..., w].  The  design  of  a  proper  L„(s)  guarantees  only 
that  the  variation  in  tTgCjUj)!  is  less  than  or  equal  to 
that  allowed,  i.e.,  (]«;).  The  purpose  of  the  piefilter 

F(s)  is  to  position  Liti  (T(j*»)]  within  the  frequency 
domain  specifications,  i.e.,  that  it  always  lies  between  hy 
and  (see  Fig.  5)  for  all  J  plants.  The  method  for 
determining  F(s)  is  given  Ref.  1,  S,  and  8. 

1.4.6  Simulatian  -  By  use  of  a  QFT  CAD  package  (see 
Part  4)  a  verification  of  the  ’goodness  of  the  design*  can 
be  readily  determined  for  all  J  plants. 

PART  2  -  QFT  DESIGN  EXAMPLES 

2.1  latioductioa 

A  number  of  QFT  design  examples  are  qualitatively 
presented  in  this  part  to  illirstrate  the  power  of  the  QFT 
design  technique.  The  reader  is  referred  to  the  references 
in  order  to  obtain  the  quantitative  aspects  of  the  MIMO 
control  system  design  procedure. 

2.2  YF-16CCV  Analog  Gcmtnri  System 
ReocHi^uiation  Design'' 

A  linearized  2x2  YF-16CCV  open-loop  unstable  model  is 
used  with  4  individually  control  effectors:  2  elevators  and 
2  flaperons  (they  are  normally  tied  together,  constituting 
two  inputs).  For  this  QFT  design,  the  command  inputs 
and  the  controlled  outputs  are  pitch  rate  and  roll  rate. 
The  4  step-response  tolerances  are  shown  in  Fig.  10,  to 
be  achieved  over  the  Mach,  altitude  flight  conditions 
(F.C.):  (1)  0.2,  30  ft;  (2)  0.7,  30  K;  (3)  0.9,  20  K;  (4) 
1.6,  30  K;  and  over  as  many  effector  failures  as  is 
feasible.  These  time-domain  responses  are  translated  into 
’equivalent*  u-domain  tolerances  (ay  and  by,  lower  and 
upper  bounds,  respectively,  on  the  lty(jw)l  tracking 
responses  and  b^  disturbance  upper  bounds)  on  the 
lty(ju»)[  shown  in  Pig.  11.  The  design  proceeds  in  a 
maimer  similar  to  that  of  Sec.  1.4.  The  final  results  are 
shown  in  Fig.  12  in  which  each  figure  gives  the  responses 
at  a  single  F.C.  for  the  following  failures:  (1)  none,  (2) 
an  elevator,  (3)  a  flaperon,  (4)  an  elevator  and  a 
flaperon  on  the  same  side,  (5)  as  in  (4)  but  on  opposite 
sides,  and  (6)  both  flaperons.  The  specifications  of  Fig. 
10  are  satisfied  for  these  6  cases  and  the  4  F.C.  In  Pig. 
12a,  a  50°/sec  roll  rate  is  commanded,  and  in  Fig.  12b,  a 


10°/sec  pitch-rate  is  commanded.  Note  that  failure  of 
both  elevators  (case  7)  is  omitted.  The  reason  is  apparent 
ftom  Fig.  13  which  shows  loop  1  effective  plant  set  P(l) 
with  4x6  =  24  elements,  whose  size  is  a  measure  of  the 
uncertainty  range.  Case  7,  with  its  4  F.C.,  mote  than 
doubled  this  uncertainty  range  and  its  inclusion  would 
require  about  20  dB  linger  lt,(}u)l  which  was  consid¬ 
ered  intolerable  under  the  bandwidth  constraints.  This  is 
an  example  of  the  transparency  of  QFT,  revealing  the 
trade-oft  between  the  benefits  and  cost  of  feedback 
during  the  course  of  the  design,  and  not  at  the  end  after 
the  design  simulation,  as  is  done  by  other  MIMO  control 
system  design  techniques. 

23  F-15STOL  Analog  Fli^  Omtnd  System 
Bectmfiguaratioa  Design'^ 

The  results  of  an  QFT  design,  for  a  linearized  2x2  F- 
15STOL  open-loop  unstable  model  with  forward  velocity 
and  angle  of  attack  as  outputs,  is  presented  in  this  sec¬ 
tion.  The  canard,  stabilator,  elevator,  and  the  top  and 
bottom  reverser  vanes  are  the  5  effectors.  The  uncertain¬ 
ty  range  consists  of  (a)  3  F.C.  (100,  120,  180  knots  all  at 
sea  level)  and  (b)  no  fail  and  5  single  failure  cases, 
inasmuch  double  failure  provided  insufficient  authority 
for  control.  The  time-domain  specs  and  their  correspond¬ 
ing  frequency-domain  specs  are  available  in  Ref.  13.  The 
5x3  W  matrix  is  chosen  and  the  design  proceeds  in  a 
maimer  similar  to  that  of  Sec.  1.4.  The  final  design 
simulation  results  are  shown  in  Fig.  14  (6x3  =  18  plots 
per  figure)  with  the  response  tolerances  being  satisfied. 

2.4  AFlVF-16  D^ital  Flight  Control  System 
HeoonfiguzatiDn  Design'^ 

A  linearized  3x3  AFTI/F-16  unstable  model  is  used  for 
this  design  having  3  outputs  (pitch,  roll,  and  yaw  rates) 
with  6  independent  effectors  (2  flaperons,  2  horizontal 
tails,  vertical  canard  pair,  and  rudder).  The  uncertainty 
consists  of  (a)  4  F.C.,  (b)  no  effector  failure,  and  (c)  5 
single,  2  double,  and  1  triple  effector  failures.  A  digital 
design  is  inherently  n.m.p.  so  is  limited  in  its  feedback 
benefits^’*^.  In  the  preliminary  design  effort,  it  is  pos¬ 
sible  to  determine  the  resulting  tolerance  range  of  uncer¬ 
tainty  and  if  some  gain  scheduling  may  be  advantageous 
(rather  than  by  repeated  trial  designs  with  simulations). 
This  design  effort  is  an  example  of  the  transparency  QFT 
offers  the  designer  so  he  can  make  intdligent  compro¬ 
mises  in  the  course  of  his  design.  The  pitch  chaimel  w*- 
domain  simulations  yield  robust  results.  The  roll  and  yaw 
channel  results  were  robust  except  for  rudder  ftdlure. 

2S  Dimanned  Research  Vehicle  Digital  Fli^  Control 
System  Derngn 

23.1  Reoxifigiiratioa  Design'*  -  This  example  is  of  an 
3x7  unmanned  research  vehicle  (URV)  utilizing  a 
sampling  frequency  of  60  rps,  and  second-order  actuators 
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and  first-order  sensor  models.  The  effectors  are  rudder, 
left  and  right  elevators,  ailerons,  and  flaps.  The 
uncertainty  consists  of  36  failure  ceises.  For  the  most  part, 
elevators  and  flaps  can  fail  up  to  100%.  But  for  one  case, 
2  elevators  and  1  aileron  fail  95%  each  and  in  another 
case  of  an  elevator  failing  100%,  the  two  flaps  fail  90% 
only.  The  5%  anU  and  10%  residuals  are  necessary  so 
that  P  would  remain  m.p.  The  rudder  failure  can  be  up  to 
90%  for  P  to  remain  m.p.,  but  when  limiters  are  included, 
only  70%  rudder  failure  is  tolerable.  Otherwise  the  failure 
cases  include  all  combinations  of  single,  of  2  surfaces  and 
of  3  surfaces  failing  100%  simultaneotisly.  The  3 
responses  (roll,  yaw,  cind  c*)  due  to  roll  rate  command 
are  shown  in  Fig.  15.  Each  figure  is  for  all  36  cases.  Fig. 
16  shows  the  responses  due  to  yaw  rate  command  for  all 
failure  cases.  The  pulse  command  is  not  long  enough  in 
diuation  for  steady-state  to  be  achieved  but  the  36 
responses  are  almost  identical  and  satisfy  the  speci¬ 
fications.  Fig.  17  shows  the  responses  due  to  c*  command 
for  the  36  failure  cases.  The  specifications  are  satisfied 
over  the  set  P.  These  simulations  are  all  for  the  digitally 
compensated  system  including  practical  effector  limiters. 

2.5.2  URV  Robust  Digital  Flight  Control  System’^  -  A  50 
Hertz  robust  digital  flight  control  system  and  an  autopilot 
are  designed  for  the  Lambda  URV  model.  The  control 
system  is  built  using  a  small  perturbation  3x3  LTI  plant 
model  P  developed  from  flight  test  data.  The  actuators, 
also  modelled  from  aircraft  (A/C)  test  data,  are  second 
order  in  roll  and  in  pitch  and  first  order  in  yaw.  19 
separate  plants  are  used  to  represent  the  flight  envelope 
of  the  A/C  resulting  from  variations  in  speed,  tdtitude, 
center  of  gravity  location,  tind  weight.  The  pitch  channel 
is  decoupled  from  the  lateral-directional  channel  resulting 
in  a  SISO  system  for  the  pitch  channel  and  a  2x2  MIMO 
system  for  the  lateral-directional  channel.  Pitch  rate,  roll 
rate,  and  yaw  rate  controllers  and  prefilters  are  designed 
to  satisfy  a  45°  phase  margin  throughout  the  flight 
envelope,  and  meet  figures  of  merit  including  rise  time 
and  overshoot  requirements.  The  digital  simulations, 
which  include  limiters,  show  that  the  resulting  robust 
controllers  met  all  specifications  throughout  the  flight 
envelope  without  gain  scheduling.  This  design  is  to  be 
implemented  tind  flight  tested. 

Z6  Man-in-die-Loc^  Flight  Control  System  Design 
Technique 

Figure  18  is  a  block  diagram  that  tepresents  the  man-in- 
the-loop  flight  control  design  problem.  The  inner  loop 
represents  the  flight  control  system  where  P  is  the  YF-16 
VC  (plant)  matrix,  G  is  the  compensator  matrix,  and  F  is 
the  prefilter  matrix.  The  iimer  loop  is  represented  by  the 
matrix  P,  and  where  F^  is  the  pilot  compensator  that  is  to 
be  designed. 

2.6.1  Fli^  Controller  Design  widt  Nonlinear 
Aerodynamkx,  Laige  Parameter  Uncertainty,  and  Pilot 


Compensation’^'  -  This  initial  QFT  design  effort,  for  the 
man-in-the-loop  the  control  system,  is  restricted  to  a  SISO 
design.  Nonlinear  QFT  is  used  to  design  the  flight  control 
system  P,  for  the  nonlinear  YF-16  A/C  model  with  C*,  a 
blend  of  the  normal  acceleration  at  the  pilot  station  and 
pitch  rate,  as  the  controlled  output.  The  first  step  in  the 
design  procedure  is  to  obtain  LTI  phmt  models  which  are 
rigorously  equivalent  to  the  nonlinear  plant  with  respect 
to  the  defined  set  of  desired  outputs.  These  equivalent 
plants  are  generated  from  time  histories  of  the  input  and 
output  from  simulator  data.  This  data  is  used  in  a 
program^’  to  generate  LTI  plants  that  are  equivalent  to 
the  nonlinear  plant  in  that  both  models  give  the  same 
output  for  the  given  input.  This  procedure  is  repeated  for 
the  set  of  inputs  and  outputs  that  are  to  exist  in  the 
operating  region  of  the  system.  The  result  is  a  set  of  LTI 
equivalent  plants  which  are  used  in  the  QFT  design 
process.  It  has  been  proven  that  the  solution  to  the 
equivalent  plant  problem  is  guaranteed  to  solve  the 
original  nonlinear  problem.  The  resulting  closed-loop 
stability  augmentation  system  (SAS),  P,,  becomes  part  of 
the  outer  loop  containing  the  pilot.  The  Neal-Smith  pilot 
model  for  a  compensatory  tracking  task  is  used  to 
develope  a  technique  which  allows  the  designer  to 
synthesize  compensation  in  the  outer  loop,  which 
includes  a  free  compensator  Fp(s)  (’pilot  compensator).’ 
The  latter  is  chosen  to  minimize  pilot  workload,  increase 
system  bandwidth,  and  improve  handling  qualities  ratings 
as  per  the  Neal-Smith  criteria,  for  the  tracking  task.  The 
available  pilot  compensation  abilities  are  then  available 
for  further  increasing  of  system  bandwidth  to  improve 
overall  capabilities.  This  approach  can  be  used  at  the 
early  stages  of  flight  control  design,  thus  saving  time  and 
money  over  the  current  practice.  Simulations  in  the  time 
and  frequency  domains  demonstrate  that  the  desired 
performance  is  attained. 

2.6.2  Mult^le-Input  Mult^le43uq>ut  FUgfrt  Contrail 
System  Design  for  the  YF-16  Using  Nonlinear  QFT  and 
PSot  Compensatkni”  -  Nonlinear  QFT  and  pilot 
compensation  techniques  are  used  to  design  a  2x2  multi¬ 
axis  flight  control  system  for  the  YF-16  A/C  over  a  large 
range  of  plant  uncertainty.  The  controlled  variables  are 
C*  and  roll  rate.  The  only  independent  commanded 
controls  are  symmetric  horizontal  tail  (elevator) 
deflection  and  aileron  deflection.  The  design  objective  is 
to  obtain  responses  for  step  commands  in  both  C*  and 
roll  rate  at  2  F.C.:  0.9  mach  at  20K  and  0.6  mach  at  30K. 
The  design  is  based  on  numerical  input-output  time 
histories  generated  with  a  FORTRAN  implemented  six 
degree  of  freedom  nonlinear  simulation  of  the  YF-16  (see 
Sec.  2.6.1).  The  original  compensation  for  rudder  and 
leading  edge  flaps  is  left  in  place.  Based  on  these  time 
histories  a  set  of  equivalent  LTI  plant  models  are 
generated  to  represent  the  nonlinear  plant”.  Standard 
QFT  techniques  are  then  used  in  the  design  synthesis, 
based  on  these  equivalent  LTI  plant  models,  to  generate 
the  inner  loop  diagonal  compensator  matrix  G  and  the 
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diagonal  prefilter  matrix  F.  After  the  inner  loop  design  is 
completed,  pilot  compensation  is  developed  to  reduce  the 
pilot’s  workload.  This  outer  loop  design  is  based  on  a  set 
of  equivalent  LTI  plant  models.  This  is  accomplished  by 
modelling  the  pilot  with  parameters  that  result  in  good 
handling  qualities  ratings,  and  developing  the  necessary 
compensation  to  force  the  desired  system  responses.  The 
designed  compensator  is  implemented  in  the  original  non¬ 
linear  simulation  and  gives  the  desired  responses  over  the 
specified  range  of  uncertainty  and  beyond. 

PART  3  -  DUAL  RECONFIGURATION  CONTROL 
SYSTEM  SCENARIO 

3.1  Introduction 

Elevators,  aeropspace  vehicles,  nuclear  reactor  plants, 
cuid  heating  systems  are  a  few  examples  that  involve 
control  systems  which  affect  the  safety  and  comfort  of 
humans.  One  aspect  of  these  control  systems  that  has 
been  and  is  of  much  interest  is  the  problem  of  maintain- 
ning  a  stable  system  tmder  a  "control  siuface  (or 
effector)'  failure,  i.e.,  the  design  of  reconfigiuable  control 
systems. 

3.2  Dual  Reoonfiguarable  Flight  Control  System 

Figure  19  describes  the  nature  of  the  dual  recon- 
figurability  scenario.  Control  system  #  1  utilizes  QFT 
designed  controllers  that  are  designed  to  maintain  the 
aircraft  stable  at  the  instant  of  one  or  more  effector 
failure.  At  the  onset  of  the  QFT  design  it  is  possible  to 
determine  the  degree  of  effector  failure  and  the  number 
of  simultaneous  effector  failures  that  can  exist  and  yet  be 
able  to  achieve  a  stable  system.  Thus  control  system  #1 
maintains  the  aircraft  in  the  air  and  provides  time  for  the 
"fault,  detection  and  isolation  (FOI)'  control  system  #2  to 
"reconfigure"  its  controllers  to  achieve  the  best  possible 
flying  qualities  under  effector  failure(s).  A  At  =  30  msec 
corresponds  to  approximately  a  phase  margin  frequency 
of  30  rad/per.  Decreasing  this  FDI  At  interval  results  in 
an  increase  in  the  phase  margin  frequency  which  for 
flight  control  systems  is  undesirable. 

PART  4  -  QFT  CAD  PROGRAMS 
4.1  bitroductiaa 

The  first  useable  MISO  QFT  CAD  package  was  developed, 
in  1986  for  the  analog  design  and  in  1991,  for  the 
discrete  design  at  the  Air  Force  Institute  of  Techttology 
(AFIT).  This  CAD  package  has  been  a  catalyst  in  assisting 
the  newcomer  to  QFT  to  understand  the  fundamentals  of 
this  powerful  design  technique.  A  MIMO  QFT  CAD 
package  has  been  developed  at  AFIT  this  spring.  These 
CAD  packages  will  accelarate  the  utilization  of  the  QFT 
design  technique  for  the  appropriate  control  problems. 


4.2.1  MISO  QFT  CAD  -  The  AFIT  package  is  called 
"ICECAP/QFT"  which  is  designed  for  the  VAX.  Those 
desiring  a  copy  of  this  package  can  contact:  Professor 
Gary  B.  Lamont,  AFIT/ENG,  Wright-Patterson  AFB,  OH 
45433.  Currently  Professor  Lamont  is  developing  an 
extended  PC  version.  These  packages  have  been  designed 
as  an  "educational  tool." 

4.2.2  MISO  QFT  PC  CAD  -  Dr.  Oded  Yaniv,  Tel-Aviv 
Uruversity,  Israel,  has  a  MISO  QFT  PC  CAD  package  for 
both  analog  and  discrete  system  design. 

4JL3  MIMO  QFT  CAD  -  An  AFIT  graduate  student,  Mr. 
Richard  Sating,  has  developed  a  MIMO  QFT  PC  CAD 
package  for  both  and  analog  and  discrete  designs.  The 
discrete  design  is  done  in  the  w-prime  domain.  This  PC 
CAD  has  been  designed  to  be  used  on  a  SPARC  station 
utilizing  the  MATHEMATTCA  and  MATRlXx  packages. 

Professor  F.  Bailey,  University  of  Minnesota,  Miruieapolis, 
Miimesota,  has  also  developed  QFT  CAD  packages.  The 
QFT  CAD  packages  mentioned  in  this  section  will  be 
demonstrated  at  the  First  International  Quantitative 
Feedback  Symposium  to  be  held  On  3-4  Aug  ’92  at  Hope 
Hotel,  Wright-Patterson  AFB,  Ohio.  This  symposium  is 
being  sponsored  jointly  by  Wright  Laboratories  and  AFIT. 
Non  U.S.  citizen  must  have  prior  clearance,  through  their 
respective  foreign  office,  to  attend  this  symposium. 
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Fig.  1  A  MIMO  plant 


Fig.  2  MIHO  control  structure  (3x3) 
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Fig.  3  Bffective  MIMO  2X2  (boxed  in 
loops)  and  3x3  (all  9  loops) 
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Fig.  17  Responses  to  c*  command: 
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Fig.  18  Man-in-the-loop 
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Abstract 


Two  control  technologies  have  been  developed  and 
integrated  towards  the  definition  of  an  Integrated  Right 
Control  for  the  year  2000  (IFC2C100)  aircraft.  The  control 
technologies  considered  for  IFC2000  are  flight  control 
reconfiguration  and  post  stall  maneuvering.  The 
reconfiguration  technique  allows  an  aircraft  to  utilize  the 
inherent  redundancy  among  its  control  effectors  for 
maintaining  aircraft’s  controllability  after  loss  (or 
degradation  in  effectiveness)  of  one  or  more  of  its  control 
effectors.  The  reconfiguration  technique  used  in  this  paper 
consisted  of  redistribution  of  control  signals  after 
identification  of  a  control  effector  failure  (first  stage 
adaptation).  This  technique  is  based  on  utilizing  a  pseudo 
inverse  algorithm  and  minimizing  a  performance  index  to 
redistribute  pilot’s  commands  to  the  remaining  control 
effectors.  Tyvo  control  laws  were  developed  for  controlling 
.he  aircraft  in  the  post  stall  region  where  the  aircraft  is 
flying  at  High  Angle  Of  Attack  (HAOA)  while  allowing 
reconfiguration  in  the  event  of  surface  damage  or  actuator 
failure.  A  self  tuning  adaptive  control  law  was  developed 
for  parameter  estimation  and  control  gain  tuning  (second 
stage  adaptation).  The  control  law  utilizes  the  Bierman’s 
algorithm  for  estimating  aircraft  parameters,  and  a  linear 
quadratic  regulator  for  tuning  the  gains.  A  neural  net 
control  law  was  developed  to  account  for  nonlinearity, 
parameter  uncertainties,  and  disturbances  in  the  flight 
control  system.  The  reconfiguration,  adaptive  and  neural 
net  control  laws  have  been  partially  integrated,  the  results 
are  reported  in  this  paper.  Post  stall  maneuvering  is 
configuration  sensitive  requiring  a  high  performance 
aircraft  with  relaxed  static  stability,  thrust  vectoring,  and/or 
additional  surfaces  (such  as  canard).  A  generic  high 
performance  aircraft  model  was  modified  to  incorporate 
thrust  vectoring  for  generating  pitch  and  yaw  moments.  A 
control  structure  was  developed  to  fly  the  aircraft  with  high 
angle  of  attack  at  low  speed.  The  control  structure  can 
track  a,  ih,  and  |)  commands  from  pilot’s  longitudinal  and 
lateral  sticks  and  rudder  pedal,  respectively.  The  control 
laws  were  designed  to  give  steady  state  tracking  for  fuselage 
pointing.  Thrust  vectoring  was  used  to  produce  pitch  and 
yaw  moments  at  HAOA.  The  control  signal  distribution 
function  of  the  control  laws  was  modified  to  facilitate 
aircraft  transition  from  and  to  post  stall  region. 

Introduction 

Figure  1  represents  a  pictorial  overview  of  the  propo.scd 
Integrated  Right  Control  2(X.X)  (IFC2(XK)).  The  upper  part 
of  the  diagram  delineates  the  fundamental  blocks  of  a  flight 


control  law,  and  the  lower  part  shows  the  promising 
techniques  which  can  be  developed  and  integrated  together 
to  achieve  the  objectives  of  1FC2000.  The  end  result  is 
expected  to  be  a  highly  nonlinear  and  adaptive  control 
system  which  can  provide  instant  controls  for  precision 
tracking  of  the  pilot  commands. 

A  nonlinear  model  of  a  High  Performance  Aircraft  (HPA) 
with  twin  engines  [1]  was  used  in  this  development.  Thrust 
Vectoring  (TV)  capability  was  added  to  HPA  to  make  it 
usable  for  HAOA  control  development.  Thrust  vectoring 
moments  for  HAOA  maneuvering  were  developed 
analytically,  and  were  added  to  the  HPA  model.  The  Bare 
airframe  nonlinear  model  was  linearized  at  various  flight 
conditions  to  generate  approximated  A,  B.  and  C  matrices 
of  linearized  aircraft  models.  A  linear  control  law  for  HPA 
was  developed  from  its  nonlinear  control  structure. 

Thrust  vectoring  was  assumed  to  be  made  available  through 
3  actuated  vanes  which  were  added  to  each  engine  at  the 
nozzle  locations.  Two  sets  of  TV  vanes  were  added  around 
the  circumferences  of  the  nozzles  in  a  way  that  their 
deflections  into  the  jet  streams  were  capable  of  generating 
pitch  and  yaw  moments.  Through  simple  trigonometric 
relationships  and  addition  of  appropriate  columns  to  the 
control  derivative  matrix  (B),  iV  vane  deflections  were 
translated  into  variations  in  pitch  and  yaw  moments. 
Efficiency  factors  of  0.5  to  0.75  were  used  for  all  TV  vane 
deflections  and  were  incorporated  in  the  appropriate 
columns  of  the  B  matrix. 

Mixer  technologies  for  blending  control  signals  after 
control  surface  battle  damage  have  been  evolving  since  the 
early  1980’s  [2].  A  Control  Signal  Distributor  (CSD) 
function  was  developed  and  added  to  the  HPA  models.  In 
the  case  of  battle  damage  causing  loss  of  an  entire  effector, 
the  failure  scenario  was  emulated  by  multiplying  an 
appropriate  column  of  the  B  matrix  with  a  factor  y  =  .5. 
The  second  order  effects  on  the  stability  matrix  (A)  due  to 
battle  damage  were  ignored.  In  the  event  of  a  partially 
missing  effector  due  to  battle  damage  or  an  actuator  soft 
failure  causing  degradation  in  performance,  the  effect  was 
represented  by  multiplying  an  appropriate  column  of  the  B 
matrix  by  the  effectiveness  factor  y  (1  >  y  >  .5).  The 
damaged  aircraft  parameters  were  then  estimated  using  the 
Bierman’s  algorithm.  It  was  assumed  that  the  flight  control 
redundancy  management  could  identify  failure  of  the 
effectors.  In  the  event  of  a  partially  missing  surface  or  an 
actuator  degradation,  the  parameter  estimator  of  the  self 
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tuning  adaptive  control  law  was  used  to  identify  the  failed 
surface  effectiveness.  The  CSD  was  then  utilized  to 
redistribute  the  pilot’s  commands  to  the  remaining 
effectors. 

A  Self  Tuning  Adaptive  Control  (STAC)  (3)  law  was 
developed  with  the  capability  of  tuning  the  control  gains 
once  the  control  signal  redistribution  had  taken  place 
through  CSD.  The  results  obtained  from  integration  of 
CSD  and  STAC  had  demonstrated  the  effectiveness  of  CSD 
in  making  gross  correction  in  the  control  laws,  and  the  role 
of  STAC  in  estimating  aircraft  parameters  and  fine  tuning 
the  control  gains.  The  speed  of  control  optimization 
convergence  in  STAC  was  improved  signiflcantly  when  CSD 
was  integrated  with  the  STAC. 

A  Neural  Network  Control  (NNC)  architecture  [4j  was 
developed  in  concurrence  with  the  CSD  and  STAC.  The 
NNC  is  capable  of  producing  a  highly  nonlinear  control  law 
for  precise  control  of  the  aircraft  at  HAOA  This  is  done 
by  training  the  NSC's  hidden  units  with  a  large  set  of 
inputs.  NNC  offers  a  means  to  incorporate  the  needed 
nonlinear  control  and  transition  logic  into  the  IFC2000 
structure  along  with  the  CSD  and  the  STAC.  The  NNC 
also  prescribes  the  underlying  architecture  for  the  flight 
control  computers. 

With  addition  of  thrust  vectoring  capabilities  to  HPA,  the 
aircraft  equations  of  motion  [5]  were  used  to  derive  analytic 
expressions  for  precise  nonlinear  control  of  the  aircraft  at 
high  angle  of  attack.  This  control  structure  has  a 
Proportional  plus  Integral  (PI)  feedback  and  feedthrough 
structure.  The  PI  control  laws  are  capable  of  rejecting 
disturbance  and  noise  as  well  as  holding  the  aircraft  at  trim 
condit  3ns  in  absence  of  pilot  commands.  The  feedforward 
block  )f  this  control  structure  consisted  of  a  static  gain 
matrix  to  guarantee  steady  state  tracking  of  pilot’s 
commands.  Later  on,  the  feedforward  gain  matrbe  will  be 
replaced  with  either  desired  linear  dynamic  models  or 
precise  nonlinear  dynamic  relationships  for  desired  motion. 


The  IFC2000  must  be  structurally  capable  of  reconfiguring 
the  control  laws  after  failure,  tuning  the  control  gains  in 
real-time,  and  flying  the  aircraft  at  high  angle  of  attack. 

Thrust  Vectoring  Capability 

Thrust  vectoring  capabilities  were  derived  analytically  and 
were  integrated  into  the  HPA  nonlinear  model.  The 
nonlinear  model  was  linearized  at  high  angle  of  attack 
flight  conditions,  and  the  linearized  models  were  verified 
for  effectiveness  of  the  thrust  vectors  at  those  angles 
(11,12,13|.  The  HPA’s  linearized  model  was  obtained  at  the 
speed  of  Mn  =  .9  and  the  altitude  of  H  =  lOKfi  while 
trimming  the  aircraft  at  a  =  70”.  The  following 
modifications  were  applied  to  convert  the  models  to  have 
Thrust  Vectoring  (TV)  capabilities.  Thrust  vectoring  was 
assumed  to  be  available  through  3  TV  vanes  which  were 


added  to  the  aircraft  at  each  engine  nozzle.  The  TV  vanes 
were  assumed  to  be  equally  distant  around  the 
circumference  of  the  nozzles,  and  were  appropriately  sized 
to  have  sufficient  clearances  when  they  were  deflected 
simultaneously.  The  TV  vanes  for  one  engine  are  shown  in 
Figure  2.  The  bottom  two  vanes  (when  deflected)  can 
generate  yaw  moment.  The  top  vane  deflection  can 
generate  pitch  moment.  From  Figure  2,  the  Pitch  Vane 
(P„)  deflection  of  8p  degree  generates  a  deflected  thrust 
force  (Fp)  with  its  component.  Cjy,  projected  onto  the  Z- 
body  axis.  thrust  force,  through  its  moment  arm  (R), 
generates  a  moment  around  the  Y-body  axis  with  respect  to 
the  aircraft’s  center  of  rotation.  Therefore, 

where  6p  is  the  N'  vane  deflection  in  degrees. 

Similarly,  for  the  Yaw  Vane  (Y^,)  deflections  (Y^,^  and  Y^,,), 
the  following  relationship  holds 

=  (2) 

Two  efficiency  factors  were  assumed  for  translating  vane 
deflections  into  moments;  np=0.5  and  ny  =0.35.  These 
efficiency  factors  were  used  to  create  thrust  moments  from 
what  was  available  in  terms  of  aerodynamic  moments. 
Equations  (1)  and  (2),  along  with  the  converted  aero  data, 
were  used  to  modify  the  nonlinear  model  of  HPA,  The 
modified  HPA  was  linearized  analytically  to  obtain  analytic 
expression  for  appropriate  entries  of  the  B  columns.  The 
modified  HPA  was  then  linearized  numerically  to  obtain 
numerical  values  for  the  thrust  vectoring  coefficients.  The 
values  of  the  TV  parameters  were  approximated  by 
assuming  that  the  control  effectiveness  of  the  TV  vanes  are 
75%  of  their  counterpart  primary  control  surfaces  in 
normal  conditions.  These  approximations  can  be  replaced 
with  real  data  when  available.  Small  angle  approximation 
was  assumed  for  thrust  vector  deflections;  that  is. 

Sin  (6p  =  ft,  (3) 

Sin  (ftp  =  ft,  (4) 

It  was  assumed  that  the  yaw  vanes  move  collectively  in  one 
direction  (coupled)  to  generate  yaw  moment  in  that 
direction.  The  pitch  and  yaw  vanes  can  be  deflected 
simultaneously  without  colliding  with  each  other. 

Aircraft  Models 

The  HPA  linear  model  is  represented  by 


(5) 

X(r)  =  i4X(r)  ♦  B  {/(»); 

X(r)eR*;  f/(/)cR- 

nr)  =  CX(0; 

,  (ft) 

y’(f)cR';  Him:  nil;  mil 

where  x^  =  (p.  q.  r,  V,  o,  p,  6,  i|r|, 

U  =  (ftsj*  ^A*  ^vp'  ®v^l* 
and  y^  =  |a.  p,  6.  i|r|. 

Engine  thrusts  were  eliminated  from  the  input  vector  of  the 
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linear  model  since  it  was  assumed  no  thrust  modulation  was 
required  for  the  design  objectives.  For  control  signal 
distribution,  the  control  elements  were  separated  by  the 
individual  surfaces.  HPA  has  two  stabilaiors  which  are 
moved  symmetrically  to  generate  pitch  moments  and 
differentially  to  generate  roll  (i.e.,  four  columns  in  B  matrix 
with  a  rank  of  two).  Also,  HPA  has  two  ailerons,  a  single 
vertical  rudder,  a  pitch  thrust  vectoring  vane,  and  two  yaw 
thrust  vectoring  vanes.  Therefore,  the  dimension  of  the 
modified  B  matrix  is  B:  9X10,  but  its  rank  is  equal  to  6. 
The  control  effectors  have  inherent  redundancy  in 
generating  the  moments;  that  is,  the  ailerons  and 
differential  stabilators  can  generate  roll  moments;  the 
symmetric  stabilators  and  pitch  vanes  can  generate  pitch 
moment;  and  the  rudder  and  yaw  vanes  can  generate  yaw 
moment.  Therefore,  this  aircraft  has  a  minimum  of  dual 
redundancy  among  its  effectors  in  all  three  axes.  The 
nonlinear  model  was  modified  by  moving  the  engine’s 
center  of  gravity  .30%  ahead  of  its  mean  aerodynamic  cord 
to  fly  the  aircraft  into  the  high  angle  of  attack  regime 
without  violating  the  a  limit. 

Control  .Signal  Distributor  (CSD) 

CSD’s  primary  function  is  to  integrate  the  reconfiguration 
strategy  with  the  post  stall  maneuvering.  For 
reconfiguration,  once  an  effector  damage  or  an  actuator 
failure  has  been  identified  by  the  flight  control  redundancy 
management,  the  CSD  redistributes  control  .signals  to  the 
remaining  healthy  effectors.  CSD  is  represented  by  the 
matrix  M  in  the  control  block  diagram  of  Figure  3.  CSD’s 
in-flight  alteration  of  matrix  M  represents  the  first  stage 
adaptation  process  to  accommodate  failures  or  to  transition 
to  and  from  PSR.  For  post  stall  maneuvering  and  as  a 
function  of  angle  of  attack,  the  CSD  redistributes  control 
signals  generated  from  the  flight  control  laws  to  the 
surfaces  and  the  thrust  vectors  in  order  to  give  more 
control  authorities  to  the  healthy  effectors.  Through  CSD, 
an  aircraft  can  smoothly  transition  to  and  from  high  angle 
of  attack  region  by  changing  the  thrust  vectoring 
effectiveness.  CSD  is  a  full  time  function  in  a  flight  control 
system.  It  is  represented  by  the  matrix  M  in  the  linear 
control  law 

U(t)  =  -  MKX(t)  *  (7) 

where,  K  is  the  feedback  gain  matrix.  M  is  the  feedthrough 
CSD  gain  matrix,  L  is  the  pilot’s  command-to-surfacc 
distribution  blcK'k.and  N  is  the  feedforward  tracking  matrix. 
Under  normal  operating  conditions,  the  rSD  matrix  is  set 
to  identity;  M  =  closed  loop  model  of  the  aircraft 

is  represented  by 

W)  »  (/4  -  BMK)X(t)  *  BMLNU^O)  (*> 

In  simulation,  an  aircraft  control  effector  impairment  is 
represented  by  multiplying  an  appropriate  column  of  the  B 
matrix  by  a  factor  y  (1  a  y  j  .5).  This  factor  alters  a 
surface  effectiveness  after  an  impairment.  The  impaired 
model  of  the  aircraft  is  represented  by  the  modified  B-hat 
matrix 


X(»)  =  (A  -  BMK)X(t)  *  BMLNUjiO  W 

Note,  the  rank  of  the  control  matrix  has  not  changed  under 
this  scenario.  That  is, 

Rank(Bf^)  =  RatikiB,^);  for  \  i  y  i  ^  ^ 

The  redistribution  matrix  is  changed  by  either  a  right  or  a 
left  pseudo  inverse  of  impaired  B  matrix  in  order  to  mask 
out  the  effects.  The  right  pseudo  inverse  solution  to  CSD 
is  represented  by 

M  =  ‘  B^  Q  B 

where  Q  is  a  diagonal  matrix  to  be  found  by  minimizing  an 
error  index  in  the  Euclidian  norm.  The  reconfigured  closed 
loop  system  is,  therefore,  equal  to 

.  -r  .  ,  -r  -  (12) 

X(t)=iA~B[B^QB]-^B^QBK)X(t)*BMLNU^(t) 

For  a  perfect  solution,  the  following  equality  must  hold: 

Q  B  K  =  B  K  (*^) 

This  relationship  holds  only  if  {BK}  belongs  to  the  right 
range  space  of  {B-hat^Q};  that  is, 

-r  -  -r  -  .  -r  -r 

B^  Q  [BjB'^QB]-'  B^  Q  B  K]  ‘  B^  Q[  B  K\ 

The  preceding  equation  holds,  if  and  only  if 

( /  -  b(b’'<?b]-' b^’q  )  B  a:  =  0 

Therefore,  for  arbitrary  and  non  trivial  matrices  Q,  B  and 
K.  the  following  relationship  must  hold 

(  I  -  B[b’'(?B]  '  «’"(?)  =0 
Defining  an  error  equation  in  a  Euclidean  norm, 

e  =  I  /  -  B[b’’<?B]-*  B*"  <?  I  (‘’) 

the  optimized  redistribution  is  obtained  by  minimizing  the 
error  function  in  a  least  squares  sense;  that  is, 

^  ^  I  /  -  b[b’’<?b]-'  b^  (? 

This  optimization  must  take  place  once  after  each 
impairment  and  for  all  flight  conditions.  A  fast  parallel 
algorithm  (b)  was  used  for  computing  the  Moore-Penrose 
pseudo  inverse.  This  algorithm  was  based  on  Karmarker's 
algorithm  (7)  which  was  also  used  to  minimize  the 
preceding  performance  index. 

The  weighting  matrix  Q  in  CSD  can  be  also  used  to 
represent  the  control  couplings  among  the  surfaces  (e.g.. 
aileron  to  rudder  interconnection).  Furthermore,  pre¬ 
computed  Q  matrices  can  be  either  scheduled  as  a  function 
of  angle  of  attack  or  adaptively  computed  in  real  time  as 
the  aircraft  transition  from  and  to  post  stall  region.  The 
entries  of  the  Q  matrix  represent  the  emphasis  placed  on 
effectiveness  of  an  effector  with  respect  to  other  effectors. 
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A  left  pseudo  inverse  soiution  may  be  obtained  only  if  the 
number  of  columns  in  the  B  matrix  is  greater  or  equal  to 
the  number  of  rows.  A  solution  for  matrix  M  is  obtained  by 

M  =  Q  ‘  B 

The  closed  loop  system  in  this  case  has  the  form 

.  -r  .  -r  ,  -  (20) 

X(t)  ={A-BQB^[BQBT'BK)X(f)*BMLNU(it) 
or 

X(t)  =  (A  -  BK)XCt)  *  BLVJit)  (2i) 

which  is  the  original  closed  loop  dynamics  before 
impairment. 

In  general,  employing  the  left  pseudo  inverse  requires  a 
reduction  in  the  model’s  order  to  satisfy  the  condition  on 
matrix  B’s  dimension.  The  least  squares  solution  must  be 
upgraded  to  a  larger  dimension  model  by  minimizing  the 
effects  of  the  matrix  M  (i.e.,  the  spillover)  on  the  states  that 
were  eliminated  through  model  reduction. 

Self  Tuning  Adaptive  Control  (STAC) 

A  Self  Tuning  Adaptive  Control  (STAC)  was  developed  for 
controlling  the  aircraft  at  high  angle  of  attack  and  fine 
tuning  the  controller’s  gains  every  time  the  CSD  matrix  was 
changed.  The  STAC  law’s  block  diagram  shown  in  Figure 
4  relies  on  its  ability  to  identify  the  stability  and  control 
parameters  of  the  aircraft  and  tuning  the  feedback  control 
gains  to  compensate  for  any  changes  that  may  have 
occurred  in  aircraft  states  during  a  flight.  STAC  laws 
operate  continuously  to  automatically  compensate  for  the 
aircraft  parameter  variations  due  to:  changes  in  flight 
conditions,  changes  due  to  failure  of  its  redundant 
components,  and  changes  in  transitioning  to  and  from  PSR. 

For  reconfiguration  after  a  failure  of  a  redundant  effector, 
the  STAC  relies  on  the  flight  control’s  redundancy 
management  and  Fault  Detection/Isolation  (FDI)  to  detect 
and  isolate  failures.  A  positive  identification  allows 
adaptation  and  reconfiguration  procedures  to  take 
corrective  action  in  controlling  the  aircraft.  For  example, 
should  the  actuator  belonging  to  a  stabilator  fail  in  flight 
(while  in  normal  fiight  condition  or  in  post  stall  region), 
sensors  dedicated  to  that  actuator  would  indicate  that  the 
actuator  being  out  of  tolerance.  Upon  comparing  the 
impaired  performance  of  the  aircraft  to  that  of  an 
unimpaired  model  on-board  the  flight  control  computers, 
a  discrepancy  would  be  detected  and  the  underlying  failure 
isolated.  The  failure  or  battle  damage  may  result  in:  1)  loss 
of  an  entire  surface,  2)  partially  missing  surface,  3) 
actuator/surface  floating,  4)  actuator  failing  in  fail-safe 
position,  or  5)  actuator  failing  hardover.  The  failure/battle 
damage  scenarios  I,  3,  and  4  require  zeroing  out  the 
corresponding  column  in  B  matrix.  Scenario  2  requires  an 
on  line  estimation  of  surface  effectiveness.  Scenario  5  may 
require  either  deflection  of  another  surface  (out  of  a  pair) 
to  restore  aircraft  symmetry,  or  may  require  re-computing 


the  M  matrix  in  CSD  to  account  for  a  hardover  failure. 

Upon  an  occurrence  of  one  of  the  preceding  failure 
scenarios,  the  first  stage  adaptation  is  achieved  through 
feedthrough  CSD  matrix  for  redistributing  the  control 
signals  to  the  remaining  healthy  surfaces.  As  shown  in 
Figure  4,  the  STAC  and  CSD  are  integrated  together  to 
realize  an  optimum  performance.  The  Bierman  Estimator 
block  in  Figure  4  is  the  heart  of  the  second  stage 
adaptation,  and  instrumental  in  making  the  first  stage 
effective  in  the  case  of  a  partially  missing  surface.  The 
STAC  is  capable  of  estimating  effectiveness  of  surface  after 
a  battle  damage  (i.e.,  the  factor  y).  The  adaptive  law  block 
in  Figure  4  is  a  linear  quadratic  regulator  which  computes 
the  necessary  adjustments  to  the  feedback  gains  after  matrix 
M  has  been  modified  by  the  first  stage  adaptation.  The 
Bierman  Estimator  updates  the  entries  of  A  and  B  matrices 
in  the  System’s  Truth  Model  (STM).  The  CSD  modifies  the 
error  signals  used  to  command  the  actuators  and  to  deflect 
the  effectors.  This  function  utilizes  the  redundancy  among 
the  effectors  to  restore  the  aircraft’s  stability  and  tracking 
characteristics. 

The  feedforward  block  can  easily  be  replaced  with 
linearized  (  or  nonlinear)  dynamic  models  of  the  aircraft 
for  implementing  a  model  reference  adaptive  control 
structure  to  guarantee  a  fully  integrated  reconfiguration  and 
high  angle  of  attack  control  law.  The  linear  quadratic 
regulator  can  be  replaced  with  the  Optimal,  Proportional 
plus  Integral  control  techniques  [10]  which  were  specifically 
developed  for  self  repairing  flight  control  of  an  aircraft  with 
dual  redundant  effectors. 

The  STAC 's  structured  around  the  Bierman’s  algorithm 
which  is  known  for  its  numerical  stability.  The  equations 
governing  the  Bierman’s  algorithm  are  delineated  in  [3]. 
The  STAC  law  corresponding  to  Figure  4  has  the  following 
structure: 

l/(f)  =  -K^M,XH)  *  L^M^N^Up)  (22) 

where  subscript  ’’a”  denotes  on  line  adaptation  of  the 
corresponding  matrices,  B,  represents  the  B  matrix 
effectively  in  place  after  the  first  stage  adaptation  through 
CSD,  and  K3  is  the  adaptive  discrete  Kalman  gain  matrix 
computed  by  solving  the  discrete  Riccati  equation: 

Po  *S  (23) 

and 

-  (  bIpB^  *  R  y'B^PA  (24) 

Referring  to  Figure  4,  the  first  stage  adaptation  is 
represented  by  CSD,  the  Bierman’s  Estimator  by  BE,  and 
the  second  adaptation  law  by  AL.  The  integrated 
CSD/STAC  law  implementation  is  represented  by  the 
following  steps: 

1-  Estimate  Impairment  and  Aircraft  Parameter  Variations. 
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(  -<a  •  ) 

2-  Update  Truth  Model  Parameters; 

3-  Minimize  Control  Signal  Distributions: 


(25) 

(26) 


(27) 


4-  Update  CSD  Matrix,  Mgi 

K-iB^OAV'B^QA 

5-  Compute  Pilot-to-Surface  Command  Distributions; 

L  =  f/^]  as  a  /unction  of  a  (29) 

6-  Compute  Discrete  Riccati  Solution: 

Pa -^liPa-PaBaAPaPa  ^BY^PaA  <^) 

7-  Update  Feedback  Gain: 

8-  Update  Feedforward  Tracking; 

Na  (32) 


In  the  event  of  a  partially  missing  surface  where  the 
remaining  portion  of  a  surface  is  still  functional  or  in  the 
case  of  a  soft  actuator  failure  which  results  in  performance 
degradation,  it  may  be  desirable  to  utilize  that  effector  in 
the  reconfigured  control  law.  The  effectiveness  of  the 
effector  is  estimated  by  the  Bierman's  on-line  recursive 
algorithm  which  continuously  updates  the  current  estimate 
of  the  surface  parameters  with  each  control  loop  iteration. 
TTte  Bierman  U-D  factorization  algorithm  (3|  is  numerically 
robust  with  fast  recursive  steps.  This  algorithm  has  an 
advantage  over  standard  Recursive  Least  Squares  (RLS) 
algorithms  in  that  instead  of  recursively  computing  a  square 
matrix,  it  calculates  a  factor  of  that  square  matrix. 

TTte  estimator  structure  is  based  on  the  following  equations 
(31: 

The  input  and  output  measurements  are  represented  by 

Q\i)-lU(t-l) . l/(f-n*-l),  ...  ,r(r-l),  y(t-n^] 

(33) 

The  parameters  to  be  estimated  (A,  B,  and  C  Matrix 
entries)  are  represented  by 

h„,  .b„.  c^^,  ...  ,cj  (34) 

The  measurement  at  discrete  time  t  and  the  estimates  of 
the  measurement  are 

K(f)  -  Q’’(»)  Bit)  *  eit)  (33) 


m  =  Q(f)’'  ^r)  +  m  (3^) 

The  error  in  estimate  is  represented  by 

e(f+l)  =  y(r+l)  -  ^r)  (37) 

The  parameter  estimate  is  obtained  by  minimizing  a 
quadratic  performance  in  error  terms  with  respect  to  the 
estimated  parameters 

^  y  =  ET.i  (38) 

The  new  estimates  are  obtained  by  solving  the  following 
equations  recursively 

P(f+i)  =  x-'Pit)  [/.  -  .Q(/->-i)fj(^t))^^('> 

X  *  Q(r+l)^P(r)Q(t*l) 


e(f+l)  =  6(1)  *  P(t*l)0(t+l)€(r+l) 


(40) 


Bierman's  recursive  algorithm  for  finding  P(t)  [3]  generates 
a  solution  to  equation  (39)  in  the  form  P(i)  =  S(i)^S(t). 
where  S(t)  is  an  upper  triangular  matrix.  S(i)  corresponds 
to  the  square  root  of  P(t).  A  factorization  algorithm 
updates  S(t)  with  each  iteration.  As  this  operation  is 
essentially  based  on  the  square  root  of  P(t),  the  precision 
of  the  calculation  is  effectively  doubled  over  that  of 
operating  upon  P(t). 

The  magnitude  of  the  state  error  between  the  aircraft 
measurement  vector  and  the  model  is  monitored  by  the 
fault  detection/isolation  function  which  activates  the 
Bierman’s  Estimator  (BE)  and  the  Adaptive  Law  (AL) 
blocks  when  a  large  value  of  state  error  indicates  that  a 
damage/failure  has  occurred.  When  the  parameter 
estimation  scheme  is  invoked,  a  jitter  signal  consisting  of  30 
Hz  square  waves  with  an  amplitude  equal  to  1%  of  the 
input  signal  is  added  to  the  input  to  assure  convergence  of 
the  estimation  algorithm.  The  estimate  of  B  is  updated 
with  every  iteration  of  the  estimator.  In  many 
implementations  it  would  be  required  that  matrix  M  in 
CSD  be  updated  only  when  the  system  identification 
algorithm  has  fully  converged  and  the  state  error  has  been 
reduced  to  an  acceptable  level.  When  the  state  error  is 
reduced  below  a  threshold,  the  parameter  estimator  stops 
and  the  jitter  signal  is  removed  from  the  control  inputs. 


Neural  Network  Control  (NNC) 

With  recent  development  in  massively  parallel  and  high 
speed  computer  technologies,  application  of  Neural 
Network  Architectures  (NNA)  in  developing  a  precise  and 
highly  nonlinear  flight  control  system  capable  of  performing 
complex  and  integrated  control  functions  has  become  a 
reality.  Once  it  is  properly  trained,  a  Neural  Network 
Control  (NNC)  can  fly  a  high  performance  aircraft  with  self 
repairing  and  high  angle  of  angle  of  attack  features  within 
its  expanded  flight  envelope. 
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The  NNA  principles  are  founded  on  Rosenblatt’s  [8) 
theorem  that  if  a  training  set  of  linearly  independent  matrix 
inputs  were  introduced  to  a  NNA,  then  the  NNA  in  a  finite 
number  of  iterations  would  learn  the  function  that  is 
generating  the  inputs.  A  basic  NNA  shown  in  Figure  5 
represents  a  function  gj(x)  =  x  *  w^j,  where  x  is  a  vector 
of  inputs  and  w,  is  a  vector  of  weighting  functions.  The 
NNC  architecture  for  the  HPA  flight  control  law  is  based 
on  ANYANET  [4]  with  108  hidden  units  (2  hidden  units 
per  feedback  entry  for  a  feedback  gain  matrix,  as 

shown  in  Figure  6.  The  hidden  units  are  those  that  are  not 
directly  accessible  as  an  input  or  output.  They  represent 
either  trained  or  exact  nonlinear  functions  of  the  control. 
The  weights  of  the  hidden  units  in  NNA  are  adjusted  by 
utilizing  the  aircraft  actuator  commands,  its  state 
information,  and  the  derivative  of  the  states.  The 
adjustments  are  done  by  comparing  the  desired  feedback 
entries  to  the  outputs  of  NNA.  The  weight  adjustments 
proceed  by  minimizing  the  error  between  the  measured  and 
the  estimated  parameters  of  NNC. 

The  NNC  in  Figure  6  was  developed  to  accurately  represent 
the  feedback  gain  matrix,  K,  for  the  aircraft  through 
incremental  addition  of  hidden  units  which,  beyond  the 
original  inputs,  are  trained  by  other  hidden  units  devoted 
to  the  same  output  vector.  If  a  particular  output  does  not 
need  a  highly  nonlinear  adjustment,  its  hidden  units  will 
have  relatively  small  values.  The  NNC  does  not  make  any 
preferential  assumptions  about  the  inputs  or  the  outputs, 
but  allows  the  net  to  decide  if  there  are  any  preferences. 
It  continues  to  implement  Fahlman’s  [9]  incremental 
hidden  units  to  eliminate  unnecessary  connections  for  on¬ 
line  updates,  but  accommodates  outputs  which  exhibit 
varying  degrees  of  nonlinear  behavior.  The  ultimate  goal 
here  is  to  convolute  the  NNC  with  the  STAC  in  developing 
a  neural  net  adaptive  flight  control  system  capable  of 
controlling  a  high  performance  aircraft  at  high  angle  of 
attack  while  providing  the  aircraft  with  self  repairing 
capabilities. 

Successful  utilization  of  two  NNAs  controlling  linear 
models  of  the  HPA  and  a  F-16  |10|  are  represented  in  the 
simulation  section.  The  NNC  laws  for  the  linear  F-16 
model  required  12  inputs,  42  hidden  units  to  represent 
entries  of  A,  and  B  m..‘trices,  and  6  outputs  representing 
the  entries  of  the  state  feedback  gain  matrix,  K.  The  same 
NNA  architecture  was  trained  with  the  HPA  linear  data 
with  9  states,  6  inputs  and  6  outputs.  The  performance  of 
the  NNC  for  both  models  were  simulated,  and  the  results 
are  discussed  in  [16]. 

Nonlinear  Control  Structure  (NLC) 

Flying  an  aircraft  in  the  Post  Stall  Region  (PSR)  with  a 
High  Angle  Of  Attack  (HAOA)  requires  a  precise 
nonlinear  control  that  accounts  for  large  angle  variations  as 
well  as  the  dynamic  couplings  exist  between  the  aircraft 
states.  The  Post  Stall  Maneuvering  (PSM)  for  the 
conventional  fighter  aircraft  is  usually  limited  to  25  to  .V) 


degrees.  Expanding  the  flight  envelope  for  higher  angle  of 
attack  at  higher  speeds  than  Mn=.3  is  not  of  interest.  This 
is  because  handling  aircraft  at  higher  a  and  Mn  is  beyond 
the  control  of  a  human  pilot.  At  low  speeds  (Mn  =  0.1  - 
0.3)  and  an  altitude  range  of  H  =  lOK  ft  -  40K  ft,  the  flight 
envelope  may  be  expanded  up  to  a  theoretical  limit  of  a  = 
90°.  In  practice  it  is  reasonable  to  develop  control  for 
PSM  of  about  a  =  70°.  Many  assumptions  used  in  aircraft 
modeling  do  not  hold  for  PSM.  This  inspires  motivation 
for  developing  a  nonlinear  control  system  for  highly 
nonlinear  and  dynamically  coupled  aircraft  motion. 

A  fundamental  difference  between  a  HAOA  control  and 
conventional  controls  is  the  small  angle  assumption  which 
does  not  hold  for  HAOA  aircraft;  that  is, 

T  -i  W  W  ran 

a  =  Tan  —  ♦ —  (4t) 

U  U 

P  =  Sin-'  -  f  -  (42) 

V  V 

Another  important  difference  is  that  a  conventional  aircraft 
with  conventional  surfaces  cannot  fly  in  PSR  with  an  angle 
of  attack  greater  than  30°.  This  means  modifications  must 
be  made  to  an  existing  aircraft  configuration  in  order  to 
make  it  fly  beyond  its  stall  margins.  PSM  requires  aircraft 
configurations  that  are  either  statically  unstable  such  as  the 
experimental  X29  and  X31,  or  modified  with  additions  of 
surfaces  and  thrust  vectors  such  as  the  F15  and  F18 
research  test  beds.  Another  fundamental  change  to  an 
existing  aircraft  requires  moving  the  aircraft’s  center  of 
gravity  20  to  30  percent  ahead  of  its  Mean  Aerodynamic 
Cord  (MAC).  This  modification  is  done  easily  in  an 
aircraft’s  dynamic  model.  In  the  real  aircraft,  weight  must 
be  added  to  the  noseboom.  This  change  would  allow 
commanding  an  aircraft  to  higher  angles  of  attack  without 
violating  the  aircraft’s  stall  margin  or  its  angle  of  attack 
limiter. 

Another  fundamental  modification  to  the  aircraft 
configuration  is  due  to  loss  of  rudder’s  effectiveness  and 
reduced  capability  to  pitch  down  the  aircraft  from  a  HAOA 
orientation  with  conventional  surfaces.  An  aircraft's 
controllability  is  greatly  improved  when  additional  control 
surfaces  such  as  canard  or  thrust  vectoring  vanes  are  added 
to  its  control  effector  suite.  Such  effectors  can  provide 
additional  yaw  and  pitch  moments  at  HAOA. 

The  HPA  nonlinear  and  linear  models  were  modified  to 
have  thrust  vectoring  vanes  for  this  purpose.  At  HAOA,  an 
aircraft  is  encountered  with  increased  drag  and  reduced 
effectiveness  of  its  conventional  surfaces  for  generating  yaw, 
roil  or  pitch  moments.  A  three  dimensional  visualization 
of  an  aircraft  orientation,  as  shown  in  Figure  7,  consideiing 
the  aircraft  flying  at  low  speed  and  high  angle  of  attack  is 
indicative  of  the  moment  losses  from  deflection  of  its 
conventional  surfaces.  Furthermore,  ineffectiveness  of  the 
rudder  can  cause  unwanted  and  uncontrollable  yaw  and 
sideslip  angles  if  the  aircraft  were  to  fly  with  conventional 
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controls  into  this  region.  The  control  laws  and  structures 
that  are  developed  using  linearized  models  under  smalt 
angle  assumptions  are  deemed  to  fail  at  HAOA.  It  is, 
therefore,  logical  to  address  HAOA  maneuvering  by 
nonlinear  controls  derived  directly  from  nonlinear  model  of 
the  aircraft.  Such  a  control  structure  can  cope  with  non¬ 
linearity  and  coupling  of  equations  of  motion  at  HAOA. 
Linear  models  and  control  laws  should  then  be  modified  to 
reflect  the  nonlinear  control  structure,  before  any  analysis 
or  synthesis  of  the  control  laws  ate  performed. 

As  shown  in  Figure  7,  it  is  desired  to  fly  a  modified  HPA 
to  a  high  angle  of  attack  and  be  able  to  roll  it  around  its 
velocity  vector.  It  is  realized  from  this  objective  that  a 
control  system  based  on  acceleration  command  (g- 
command)  is  not  feasible  for  this  application.  The  NLC 
must  be  developed  to  command  a,  (ft,  and  p  as  these 
angles  are  critical  in  acquiring  precise  control  of  the  aircraft 
and  meeting  the  PSM  objectives.  This  can  be  realized  by 
carefully  by  visualizing  the  aircraft’s  motion  in  Figure  7 
under  the  conditions  specified. 

Due  to  increased  drag  and  reduced  control  effectiveness  of 
the  conventional  surfaces,  a  number  of  issues  may  be 
encountered  when  developing  NLC  structures  and  laws  for 
HAOA  maneuvers.  These  issues  are  outlined  in  Table  1  in 
terms  of  cause,  effects,  and  remedies. 

To  handle  flight  regimes  other  than  HAOA,  it  is  desired  to 
develop  a  NLC  structure  capable  of  transitioning  the  flight 
control,  for  example,  from  a  a-command  to  a  g-command 
control  system  when  exiting  PSM  and  entering  a  high  speed 
flight  condition,  or  from  a-command  to  c’-command  and 


0-dot-command  for  landing,  takeoff,  and  cruise.  These 
flight  control  transitions  can  be  constructed  in  the  Control 
Signal  Distribution  (CSD)  function  which  goes  into  effect 
automatically  without  requiring  any  pilot  intervention. 

In  consideration  of  the  issues  discussed  in  Table  1,  the 
nonlinear  control  (NLC)  structure  must  incorporate  the 
following  provisions: 

1-  NLC  structure  must  have  a  C*/0-dot  structure  modified 
to  have  capability  of  controlling  the  aircraft  at  HAOA  and 
low  speed. 

2-  Modiffcations  to  the  C*/0-dot  structure  must  be  faded  in 
and  out  through  transition  logic  in  the  CSD  as  the  aircraft 
goes  into  the  PSM  region  and  comes  out  of  it. 

3-  NLC  at  HAOA  must  have  a  fuselage  pointing 
characteristics  in  order  to  assume  tracking  of  commanded 
angles  with  maximum  decoupling  of  aircraft  states. 

4-  NLC  at  HAOA  must  command  angles:  Longitudinal 
stick  commanding  a,  lateral  stick  commanding  and 
rudder  pedal  commanding  0-dot  with  minimizing  ^ 
deprture  from  zero. 

5-  NLC  signals  must  be  distributed  to  the  effective  control 
effectors  at  HAOA 

6-  Stall  prevention  logic  and  departure  prevention  logic 
must  be  superimposed  on  the  distributed  control  signals 
before  reaching  the  actuators. 

7-  NLC  Laws  at  HAOA  must  be  of  Proportional  +  Integral 
(PI)  type  to  assure  holding  of  a  commanded  angle  in  the 


Table  1:  Issues  in  Developing  NLC  Laws  for  HAOA  Maneuvers 


Cause 

Effects 

Remedy 

Unanticipated  roll 

(«ft) 

Oscillatory  (dutch  roll),  &  roll 
X-spin  &  stiep  spin 

Increase  loop  gain  in  roll 

Adjust  Dutch  roll  damping 

Unanticipated  yaw 

(♦) 

Slow  yaw  rate  spin,  Z-Spin 

Adjust  ARI  gains 

Increase  loop  gain  in  yaw 

Unanticipated  SideSlip 

O) 

Flat  spin 

Use  yaw  TV  to  compensate 
increase  yaw  TV  authority 
Coordinate  yaw  TV  with  aileron 

Unanticipated  AOA 

(«) 

Inverted  Spin 

Use  PI  control  and  a-Command 
increase  integral  gain 

Stall 

Uncontrollable 

Add  stall  prevention  logic 

Add  g-command  and  roll  feedback 
Add  Pitch  TV  for  pitch  down 

Limited  Sensor  Measurement 

Opens  Control  Loops 

Modify  air  data  computer,  angle 
of  attack  and  sideslip  vanes  to 

Limited  Schedule 

Divide  by  zero 

Loss  of  control 

Wind  tunnel  and  flight  tests 
Expand  flight  envelope  database 

Wing  Rock 

Oscillatory  Spin 

Increase  dutch  roll  damping 

Nose  Slice 

Flat  Spin 

Increase  Yaw  authority 

All  angle  departure 

Rock,  roll  and  tumble 

Redesign  NLC  law  and  structure 
Add  departure  prevention  logic 

16-H 


absence  of  feedback  error  signal,  and  must  reject  unwanted 
noise  and  disturbance  which  couid  be  promoting  stall  or 
departure.  The  integral  gains  must  be  adjusted  to  assure 
aircraft  being  capable  of  pitching  into  the  wind  (pitch 
down)  and  not  contributing  to  spin  tendency  of  the  aircraft. 

8-  NLC  at  HAOA  must  include  feedback  from  o,  p,  <h,  and 
Ik,  and  their  derivatives  where  possible. 

9-  NLC  at  HAOA  must  be  digitized  and  analyzed  for  the 
effects  of  digital  time  delay  on  the  phase  margins  of  the 
aircraft’s  control  loops. 

10-  The  candidate  gains  for  NLC  at  HAOA  must  be 
optimized  to  assure  best  performance  in  this  sensitive  and 
highly  critical  region. 

STAC  Simulation 

The  CSD/STAC  structure  of  Figure  4  was  simulated  in 
discrete  time  with  a  control  sampling  rate  of  100  Hz.  The 
discrete  state  space  system  of  linear  F-16  model  was  used 
to  represent  the  airframe,  actuators  and  sensors.  Actuator 
dynamics  of  20/(s+20)  were  augmented  into  the  continuous 
system  before  converting  into  discrete  form.  The  actuator 
limits  incorporated  during  simulation  were: 

Maximum  Range:  ±  20°;  Maximum  Rate:  24°^. 

Each  simulation  run  consisted  of  6  seconds  of  flight  time 
responding  to  the  following  step  control  inputs: 

*E1  “  *E2  ~  *-1’  *F1  =  *F2  ~ 

A  subset  of  the  simulation  results  from  [14,  15]  is  shown 
here.  The  feedforward  gain  matrix,  N,  was  computed  to 
have  the  0  and  a  angles  track  the  elevator  and  the  flap 
commands  in  steady  state.  All  angles  in  the  simulation  were 
measured  in  degrees  and  plotted  as  a  function  of  time  in 
seconds  as  shown  in  Figure  8.  In  all  simulations,  the 
commands  were  made  of  a  1  second  ramp  to  the  desired 
value  with  a  1  Hz  sinusoidal  function  superimposed  to 
represent  pilot's  stick  motion. 

Figure  8a  shows  the  unimpaired  response  of  the  aircraft  to 
the  commanded  a,  and  Figure  8b  represents  the  aircraft’s 
response  to  the  commanded  6.  In  both  cases,  steady  state 
decoupling  of  6  from  a  was  realized.  Figure  8a  is  a 
representative  of  commanding  the  aircraft  to  fly  at  70° 
angle  of  attack  while  keeping  the  pitch  angle  at  zero. 
Figure  8c  represents  6  and  a  responses  to  the  commanded 
values  of  30°  and  70°  for  when  a  flaperon  was  totally 
inoperative  after  3.5  seconds.  Upon  correct  FDl,  only  the 
CSD  was  reconfigured  to  redistribute  the  control  signals  to 
the  remaining  healthy  surfaces.  The  simulation  shows 
successful  recovery  of  aircraft  after  reconfigured  CSD  went 
into  effect  at  HAOa.  Figure  8d  represents  the  simulation 
results  for  when  a  flaperon  was  partially  damaged.  In  this 
case,  STAC  was  used  to  estimate  the  entries  of  the  B 
matrix  and  to  update  all  of  the  appropriate  gain  blocks. 
The  impaired  and  adapted  responses  of  the  aircraft  are 
shown  in  Figure  8d.  The  results  show  successful  adaptation 


of  STAC  without  using  the  CSD  function.  Here  the 
Bierman’s  algorithm  was  excited  by  the  jitter  signal,  and 
took  about  1  second  to  estimate  the  entries  of  the  impaired 
B  matrix.  The  simulation  of  combined  STAC  and  CSD  (not 
shown  here)  improved  the  aircraft’s  performance 
significantly  in  presence  of  parameter  variations  in  the  A 
and  B  matrices.  Preceding  failure  scenarios  were  repeated 
for  a  stabilator  failure.  The  simulation  results  of  Figures  8e 
and  8f  show  excellent  performance  recovery.  Figure  8g 
shows  the  Bierman’s  algorithm  convergence  properties  in 
estimating  the  impaired  B  matrix. 

NNC  Simulation 

The  Neural  Net  Architecture  (NNA)  for  controlling  a 
linear  F-16  model  required  42  hidden  units  (2  per 
parameter).  Training  of  the  Neural  Net  Control  (NNC) 
took  about  90  hours  on  a  IBM  386  Personal  Computer, 
utilizing  1C  training  set  examples  (16).  These  examples 
represented  1%  variations  in  the  A  and  B  matrix  entries. 
The  objective  of  training  NNC  was  to  develop  a  robust 
flight  control  law  over  an  assumed  flight  envelope 
represented  by  the  20%  parameter  variations.  Because  of 
small  training  sets  and  the  time  required  to  train  NNC,  the 
simulation  was  stopped  after  1%  parameter  variation 
training.  The  step  responses  of  the  NNC  system  and  the 
corresponding  gain  matrix  are  shown  in  Figures  9. 

The  HPA  model  used  in  the  simulation  (17)  has  9  states  for 
coupled  longitudinal  and  lateral  dynamics  and  6  control 
inputs.  An  optimization  technique  was  used  to  minimize 
the  errors  between  the  outputs  of  NNC  and  the  outputs  of 
airaaft  which,  in  this  case,  were  the  states.  The 
optimization  technique  in  minimizing  the  errors  was  a 
mechanism  to  train  the  NNC.  Various  limits  were 
incorporated  in  the  optimization  technique.  They  included: 
maximum  number  of  iterations,  maximum  allowable  error, 
step  size  per  variable  per  iteration,  and  limits  on  the 
reflect,  shrink,  and  expand  parameters.  The  network  was 
trained  by  300  input  training  sets  with  calculated  NNC 
weights  truncated  by  lo’  and  10’’^  factors. 

Figure  10a  represents  a  top  level  NNC’s  hidden  unit 
architecture  for  one  output.  The  HPA’s  NNC  required  54 
outputs,  each  with  subsequent  Hidden  Units  1  and  2  as 
shown  in  Figures  10b  and  10c. 

The  linearized  HPA  model  has  a  non  minimum  phase 
transfer  function  for  the  angle  of  attack  dynamics.  The  right 
half  plane  zeros  associated  with  the  angle  of  attack 
dynamics  further  complicated  the  NNA  training  and  the 
'-ming  process  of  the  hidden  units.  Figures  11a  to  Ilf 
represent  HPA’s  transient  responses  to  various  step  inputs 
with  the  trained  neural  net  control.  Figure  1  la  shows  the 
unimpaired  aircraft  response  to  a  70°  a-command,  30°  ♦- 
command,  and  0°  ^-command.  Figure  lib  represents 
aircraft  responses  to  the  same  commands  for  when  one 
stabilator  was  lost  and  only  the  NNC  was  employed.  Note, 
this  failure  scenario  corresponds  to  loss  of  both  symmetric 
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and  differential  stabilators.  Although  the  aircraft  remained 
stable,  significant  degradation  was  noticed  in  the  transient 
responses.  Figure  1  Ic  shows  the  aircraft  responses  after  loss 
of  a  stabilator,  but  this  time  both  CSD  and  NNC  were  used 
to  control  the  aircraft.  These  transient  responses  show 
excellent  recovery  from  this  failure  scenario  with  minimum 
failure  transients.  Figure  I  Id  depicts  the  aircraft’s  responses 
to  35”  a-command,  15°  (^-command,  and  0°  p-command 
for  when  50%  of  a  stabilator  was  lost  and  only  NNC  was 
employed.  The  NNA  was  trained  to  assess  and  use  the 
remaining  portion  of  the  stabilator.  The  training  of  NNA 
to  recover  from  this  failure  scenario  showed  about  15% 
degradation  in  the  aircraft’s  a  command  response.  When 
50%  loss  of  aileron  was  simulated  with  NNC  only,  the 
aircraft  response  to  a  command  was  unsatisfactory  as 
shown  in  Figure  lie.  As  shown  in  Figure  Ilf,  the  combined 
NNC  and  CSD  performed  effectively  at  high  angle  of  attack 
to  provide  controllability  to  the  aircraft  after  loss  of  an 
aileron. 

Similar  results  were  obtained  for  loss  of  rudder  and  thrust 
vectors.  The  simulation  showed  that  the  NNC  required 
longer  time  and  more  input  sets  to  train.  The  non¬ 
minimum  phase  characteristics  of  aircraft’s  dynamics  made 
it  more  difficult  to  train  NNC.  High  gain  control  was 
realized  from  current  training  as  seen  in  all  simulation 
results. 

Conclusion 

The  control  laws  presented  in  this  paper  are  capable  of 
providing  aircraft  controllability  at  high  angle  of  attack  and 
reconfiguration  after  an  actuator  failure  or  a  damaged 
effector. 

The  control  structure  contained  the  following  constituents. 
A  Control  Signal  Distributor  (CSD)  capable  of 
redistributing  control  signals  after  an  effector  failure.  This 
capability  can  be  extended  to  allow  an  aircraft  to  transition 
to  and  from  post  stall  region.  CSD  was  shown  to  be  veiy 
effective  for  both  self  repairing  and  high  angle  of  attack 
flight  controls.  A  Self  Tuning  Adaptive  Control  (STAC) 
law  was  introduced  with  numerically  robust  estimator 
capable  of  estimating  aircraft  parameter  variations  as  well 
as  estimating  effectiveness  of  a  partially  missing  surface.  It 
was  shown  that  integration  of  CSD  with  STAC  helped 
significantly  in  an  aircraft’s  recovery  from  battle  damage, 
and  improved  the  convergence  speed  of  the  estimator 
significantly.  Although  the  Neural  Net  Control  (NNC)  did 
not  perform  as  well  as  the  STAC,  its  development  and 
improvements  could  make  the  approach  a  viable  candidate 
for  IFC2000.  Integration  of  the  NNC  with  the  CSD, 
however,  was  very  successful  and  comparable  to  the  STAC 
with  CSD.  Many  modeling  assumptions  and  approximations 
used  in  present  flight  controls  are  no  longer  valid  for 
developing  high  angle  of  attack  control  laws.  At  HAOA,  an 
aircraft’s  characteristics  are  highly  nonlinear  and 
dynamically  coupled.  Therefore,  precise  nonlinear  control 
laws  are  required  to  cope  with  the  nonlinear  phenomenon. 


The  requirements,  cause,  and  effects  of  developing  such  a 
control  law  were  discussed. 

Integration  of  these  promising  techniques  and  better 
understanding  of  aircraft  behavior  at  high  angle  of  attack 
will  pave  the  path  to  the  future  in  developing  an  Integrated 
Flight  Control  for  the  year  2000  aircraft. 
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ABSTRACT 

Flight  control  systems  can  benefit  by  being  designed  to  emu¬ 
late  functions  of  natural  intelligence.  Intelligent  control  func¬ 
tions  fall  in  three  categories:  declarative,  procedural,  and  reflex¬ 
ive.  Declarative  actions  involve  decision-making,  providing 
models  for  system  monitoring,  goal  planning,  and  system/sce¬ 
nario  identification.  Procedural  actions  concern  skilled  behavior 
and  have  parallels  in  guidance,  navigation,  and  adaptation.  Re¬ 
flexive  actions  are  more-or-less  spontaneous  and  are  similar  to 
inner-loop  control  and  estimation.  Intelligent  flight  control  sys¬ 
tems  will  contain  a  hierarchy  of  expert  systems,  procedural  algo¬ 
rithms.  and  computational  neural  networks,  each  expanding  on 
prior  functions  to  improve  mission  capability,  to  increase  the  re¬ 
liability  and  safety  of  flight,  and  to  ease  pilot  workload. 

INTRODUCTION 

Human  pilots  traditionally  have  provided  the  intelligence  to 
fly  manned  aircraft  in  numerous  ways,  from  applying  manual 
dexterity  through  informed  planning  and  coordination  of  mis¬ 
sions.  As  aircraft  characteristics  have  changed,  and  more  impor¬ 
tantly  as  the  technology  has  allowed,  an  increasing  share  of  the 
aircraft's  intelligent  operation  has  relied  on  proper  functioning  of 
electro-mechanical  sen.sors,  computers,  and  actuators.  It  has  be¬ 
come  possible  to  apply  machine  intelligence  to  flight  control. 

It  can  be  argued  that  any  degree  of  feedback  from  sensed 
motions  to  control  actions  instills  intelligent  behavior  because 
control  actions  are  shaped  by  knowledge  of  the  system's  re¬ 
sponse,  though  it  was  not  always  so.  In  contemplating  the  effects 
of  atmospheric  turbulence,  one  of  the  Wright  brothers  wrote, 
"The  problem  of  overcoming  these  disturbances  by  automatic 
means  has  engaged  the  attention  of  many  ingenious  minds,  but  to 
my  brother  and  myself,  it  has  .seemed  preferable  to  depend  en¬ 
tirely  on  intelligent  control  "  11, 21,  The  Wright  brothers’  piloting 
actions  depended  on  proper  interpretation  of  visual  and  inertial 
cues,  demonstrating  biological  intelligent  control.  Later,  panel 
displays  of  compass  heading,  pressure  altitude,  airspeed,  aircraft 
attitude,  and  bearing  to  a  radio  station  enhanced  the  intelligent 
behavior  of  human  pilots.  Stability  augmentation  systems  that 
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fed  pitch  rale  to  elevator  or  yaw  rate  to  rudder  were  among  the 
first  intelligent  systems  that  did  not  rely  on  the  human  pilot, 
while  automatic  bombing  and  landing  systems  carried  machine 
intelligence  to  the  point  of  "hands-off'  flying  for  small  portions 
of  the  aircraft's  mission. 

In  a  contemporary  context,  intelligent  flight  control  has  come 
to  represent  even  more  ambitious  plans  to 

•  make  aircraft  less  dependent  on  proper  human  actions 
for  mission  completion, 

•  enhance  the  mission  capability  of  aircraft. 

•  improve  performance  by  learning  from  experience, 

•  increase  the  reliability  and  safety  of  flight,  and 

•  lower  the  cost  and  weight  of  aircraft  systems. 

This  is  not  to  say  that  earlier  systems  were  not  designed  and  im¬ 
plemented  intelligently  -  in  fact,  it  required  a  high  degree  of 
human  intelligence  to  squeeze  the  desired  performance  out  of 
measurement-and-control  devices  whose  reliability  and  capabili¬ 
ties  were  limited.  Nevertheless,  the  march  of  technology  has 
made  it  possible  to  design  computer-based  control  systems  that 
have  fewer  inherent  limitations,  that  can  adapt  to  changing  phys¬ 
ical  and  environmental  characteristics,  that  are  more  reliable  than 
earlier  systems,  and  that  can  perform  decision-making  in  addition 
to  feedback  control. 

The  goal  of  this  paper  is  to  present  concepts  for  intelligent 
flight  control  in  the  contemporary  context,  that  is,  through  the  aid 
of  what  were  once  called  "artificial"  devices  for  sensing,  compu¬ 
tation,  and  control.  Emphasis  is  placed  on  altcmativcs  for  anal¬ 
ysis  and  design  of  control  logic  rather  than  on  the  equipment  that 
makes  it  possible  (i.e„  on  .software  rather  than  hardware).  As  in 
any  complex  subject,  there  are  many  ways  to  partition  and  de¬ 
scribe  intelligent  control.  The  approach  adopted  here  is  to  dis¬ 
tinguish  between  control  functions  according  to  a  cognitive/bio¬ 
logical  hierarchy  that  is  bounded  on  one  end  by  declarative 
functions,  which  typically  involve  decision-making,  and  on  the 
other  by  reflexive  functions,  which  arc  more-or-less  spontaneous 
reactions  to  external  or  internal  stimuli. 

In  a  classical  flight  control  context,  declarative  functions  are 
performed  by  the  control  system's  outer  loops,  and  reflexive 
functions  are  performed  by  its  inner  loops.  We  may  also  define 
an  intermediate  level  ot  procedural  functions,  which  -  like  re¬ 
flexive  functions  -■  have  well-defined  input-output  characteristics 
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but  of  a  more  complicated  structure.  Traditional  design  princi¬ 
ples  suggest  that  the  outer-loop  functions  should  be  dedicated  to 
low-bandwidth,  large-amplitude  control  commands,  while  the  in¬ 
ner-loop  functions  should  have  high  bandwidths  and  relatively 
lower-amplitude  actions.  There  is  a  logical  progression  from  the 
sweeping,  flexible  alternatives  associated  with  satisfying  mission 
goals  to  more  local  concerns  for  stability  and  regulation  about  a 
desired  path  or  equilibrium  condition. 

Intelligent  control  appeals  to  nature  for  useful  design  para¬ 
digms,  for  ideas  that  have  been  proven  to  work.  In  some  re¬ 
spects.  the  field  brings  closure  to  parallel  yet  opposing  directions 
in  cognitive  science  and  control  theory.  On  the  one  hand,  psy¬ 
chologists  have  looked  to  mathematics,  engineering,  and  com¬ 
puter  science  for  control-theoretic  and  statistical  models  that 
unify  and  explain  observations  of  human  behavior.  On  the  other, 
control  engineers  want  to  design  systems  that  deal  with  nonlin¬ 
earity  and  time  variability,  that  are  robust  in  the  face  of  uncer¬ 
tainty,  and  that  exhibit  some  degree  of  autonomy  --  that  is,  to 
give  their  control  systems  human  traits.  Both  groups  can  benefit 
from  knowledge  gained  in  each  other's  fields. 

FOUNDATIONS  FOR 
INTELLIGENT  FLIGHT  CONTROL 

Intelligent  flight  control  design  draws  on  two  apparently  un¬ 
related  bodies  of  knowledge.  The  first  is  rooted  in  classical  anal¬ 
yses  of  aircraft  stability,  control,  and  flying  qualities.  The  second 
derives  from  human  psychology  and  physiology.  The  goal  is  to 
find  new  control  structures  that  are  consistent  with  the  reasons 
for  flying  aircraft,  that  bring  flight  control  systems  to  a  higher 
level  of  overall  capability. 

Aircraft  Flying  Qualitie.s  and  Flight  Control 

An  aircraft  requires  guidance,  navigation,  and  control  so  that 
it  can  perform  its  mission.  As  suggested  by  Fig.  1.  a  human  pilot 
can  interact  with  the  aircraft  at  .several  levels,  and  his  or  her  func¬ 
tion  may  be  supplanted  by  electro-mechanical  equipment.  The 
pilot  performs  three  distinct  functions:  sensing,  regulation,  and 
decision-making.  These  three  tasks  exercise  different  human 
characteristics:  the  ability  to  see  and  feel,  the  ability  to  identify 
and  correct  errors  between  desired  and  actual  states,  and  the  abil¬ 
ity  to  decide  what  needs  to  be  done  next.  The  first  of  these  de¬ 
pends  on  the  body's  sensors  and  the  neural  networks  that  connect 
them  to  the  brain.  The  second  relies  on  motor  functions  enabled 
by  the  neuro-muscular  system  to  execute  learned  associations 
between  stimuli  and  desirable  actions.  The  third  requires  more 
formal,  introspective  thought  about  the  reasons  for  taking  action, 
drawing  on  the  brain's  deep  memory  to  recall  important  proce¬ 
dures  or  data.  Sensing  and  regulation  arc  high-bandwidth  tasks 
with  little  time  for  deep  thinking.  Deci.sion-making  is  a  low- 


bandwidth  task  that  requires  concentration.  Each  of  these  tasks 
exacts  a  workload  toll  on  the  pilot. 

Pilot  workload  has  become  a  critical  issue  as  the  complexity 
of  .systems  has  grown,  and  furnishing  ideal  flying  qualities 
throughout  the  flight  envelope  has  become  an  imperative.  It  is 
particularly  desirable  to  reduce  the  need  to  perform  high-band- 
width,  automatic  functions,  giving  the  pilot  time  to  cope  with 
unanticipated  or  unlikely  events.  In  the  future,  tcleoperated  or 
autonomous  systems  could  find  increasing  use  for  missions  that 
expose  human  pilots  to  danger.  Intelligent  control  may  make  it 
possible  to  remove  the  pilot  from  the  fighter/attack/reconnais¬ 
sance  cockpit  altogether,  allowing  a  single  operator  to  supervise 
the  flight  of  one  or  more  unmanned  air  vehicles,  each  capable  of 
performing  a  complex  mission. 
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Figure  1.  Guidance,  Navigation,  and  Control  Structure, 
Distinguishing  Between  Human-Pilot  and 
Computer-Based  Functions. 

Research  on  the  flying  (or  handling)  qualities  of  aircraft  has 
identified  ways  to  make  the  pilot's  job  easier  and  more  effective, 
and  it  provides  models  on  which  automatic  systems  might  be 
ba,sed.  The  first  flying  qualities  specification  simply  stated,  "(the 
aircraft)  must  be  steered  in  all  directions  without  difficulty  and 
all  time  (be)  under  perfect  control  and  equilibrium"  (.),  41.  Fur¬ 
ther  evolution  of  flying  qualities  criteria  based  on  dynamic  mod¬ 
eling  and  control  theory  has  resulted  in  the  widely  used  U.  S. 
military  specification  (51  and  the  succeeding  military  standard, 
described  in  16). 

Our  immediate  objective  is  to  find  control  systems  that  are 
both  automatic  (or  semi-automatic)  and  intelligent;  we  look  to 
experimental  studies  of  the  pilot  to  learn  what  functions  should 
be  implemented.  One  fruitful  result  of  flying  qualities  research 
has  been  the  development  of  control -theoretic  models  of  piloting 
behavior.  Most  of  these  models  have  dealt  with  reflexive,  com¬ 
pensatory  tracking  tasks  using  simple  time-lag  and  transfer  func¬ 
tion  models  |7,  8|  or  linear-quadratic-Gaussian  (LCJG)  optimal- 
control  models  (9,  10|.  Some  of  the  transfer- function  approaches 
go  into  considerable  detail  about  neuro  muscular  system  dynam¬ 
ics  1 10,  12|,  These  models  often  show  good  correlation  with  ex- 


perimenial  results,  not  only  in  compensatory  tracking  but  in  more 
procedural  tasks:  the  progression  of  piloting  actions  from  single- 
to  multi-input  strategies  as  the  complexity  of  the  task  increases  is 
predicted  in  ( i  1 1,  «'hile  test-pilot  opinion  ratings  are  predicted  by 
a  "Paper  Pilot"  in  (131.  These  results  imply  that  computer-based 
control  laws  can  perform  procedural  and  reflexive  tasks  within 
the  fit  error  of  mathematical  human-pilot  models.  Models  of  the 
human  pilot's  declarative  actions  have  yet  to  receive  the  same 
level  of  attention;  however  (14-161  introduce  the  types  of  deci¬ 
sions  that  must  be  made  in  aerospace  scenarios,  as  well  as  likely 
formats  for  pilot-vehicle  interface. 

Figure  1  also  portrays  a  hierarchical  structure  for  stability- 
augmentation,  command-augmentation,  autopilot,  and  flight- 
management-system  functions  that  can  be  broken  into  reflexive 
and  declarative  parts.  Stability  augmentation  is  reflexive  control 
provided  by  the  inner-most  loop,  typically  implemented  as  a  lin¬ 
ear  feedback  control  law  that  provides  stability  and  improves 
transient  response  through  an  EstimationiCompensation  block. 
Forward-loop  control  provides  the  shaping  of  inputs  for  satisfac¬ 
tory  command  response  through  a  Control/Compensation  block, 
again  employing  linear  models.  The  combination  of  control  and 
estimation  can  be  used  to  change  the  flying  qualities  perceived  by 
the  pilot,  or  it  can  provide  a  decoupled  system  for  simplified 
guidance  commands  ( 17-20|.  A  basic  autopilot  merely  translates 
the  human  pilot's  commands  to  guidance  commands  fc.  constant 
heading  angle,  bank  angle,  or  airspeed,  while  the  Gui^iance  block 
can  be  expanded  to  include  declarative  flight  management  func¬ 
tions,  using  inputs  from  Navigation  sensors  and  algorithms. 

Intelligent  functions  have  been  added  to  flight  control  sys¬ 
tems  in  the  past.  Many  stability  and  command  augmentation 
systems  have  employed  gain  scheduling  and  switching  for  im¬ 
proved  performance  in  differing  flight  regimes  and  mission 
phases.  Navigation  and  flight  management  functions  usually  in¬ 
volve  significant  nonlinearity  related  to  the  geometry  of  measure¬ 
ments  and  the  earth,  as  well  as  to  pressure  and  temperature  gradi¬ 
ents  in  the  atmosphere.  Control  theory,  heuristics,  and  reduced- 
order  optimization  have  been  used  to  achieve  near-optimal  trajec¬ 
tory  management  in  many  flight  phases  (e.g.,  (21-231). 

The  Guidance,  Navigation,  and  Control  (GNC)  Systems  for 
Project  Apollo's  Command/Service  and  Lunar  Modules  provide 
an  early  example  of  intelligent  aerospace  control  (24-26|.  These 
two  GNC  Systems  adapted  mathematical  structures  and  parame¬ 
ters  to  changing  flight  conditions,  employed  nonlinear  control 
laws,  and  made  low-level  decisions.  They  used  a  computer  that 
was  orders  of  magnitude  slower  than  today's  flight  computers  and 
that  had  two  programming  choices;  machine  (assembly)  code  or 
interpretive  code.  The  state-of-the-art  of  aircraft  flight  control 
systems  has  progressed  to  comparable  levels  and  beyond,  as  rep¬ 
resented  by  systems  installed  in  modem  transport  and  fighter  air¬ 
craft  (e.g.,  (27,  2N1). 


Intelligent  flight  control'  can  be  justified  only  if  it  materially 
improves  the  functions  of  aircraft,  if  it  saves  the  time  and/or 
money  required  to  complete  a  mission,  or  if  it  improves  the  safe¬ 
ty  and  reliability  of  the  system.  A  number  of  interesting  philo¬ 
sophical  problems  can  be  po.sed.  Mu.st  machine-intelligence  be 
better,  in  some  sense,  than  the  human  intelligence  it  replaces  in 
order  for  it  to  be  adopted?  We  are  willing  to  accept  the  likeli¬ 
hood  that  humans  will  make  mistakes;  if  a  machine  has  the  same 
likelihood  of  making  a  mistake,  should  it  be  used?  Lacking  firm 
knowledge  of  a  situation,  humans  sometimes  gamble;  should  in¬ 
telligent  machines  be  allowed  to  gamble?  When  is  it  acceptable 
for  machine  intelligence  to  be  wrong  (e.g.,  during  learning)? 
Must  the  machine  solution  be  "optimal,"  or  is  "feasible"  good 
enough?  Which  decisions  can  the  machine  make  without  human 
supervision,  and  which  require  human  intervention?  In  a  related 
vein,  how  much  information  should  be  displayed  to  the  human 
operator?  Should  intelligent  flight  control  ever  be  fully  auto¬ 
nomous?  If  the  control  system  adapts,  how  quickly  must  it 
adapt?  Must  learning  occur  on-line,  or  can  it  be  delayed  until  a 
mission  is  completed.'  All  of  these  questions  must  be  answered 
in  every  potential  application  of  intelligent  control. 

Cognitive  and  Biological  Paradigms  for  Intelligence 

Intelligence  is  the  "ability  involved  in  calculating,  reasoning, 
perceiving  relationships  and  analogies,  learning  quickly,  storing 
and  retrieving  information  ....  classifying,  generalizing,  and  ad¬ 
justing  to  new  situations"  (29).  This  definition  does  not  deal  with 
the  mechani.sms  by  which  intelligence  is  realized,  and  it  makes 
the  tacit  assumption  that  intelligence  is  a  human  trail. 
Intelligence  relates  not  only  to  intellectuality  and  cognition  but  to 
personality  and  the  environment  (30|. 

The  debate  over  whether-or-noi  computers  ever  will  "think" 
may  never  be  resolved,  though  this  need  not  restrict  our  working 
models  for  computer-ba.sed  intelligent  control.  One  argument 
against  the  proposition  is  that  computers  deal  with  syntax  (form), 
while  minds  deal  with  .semantics  (meaning),  and  syntax  alone 
cannot  produce  semantics  (31 1.  This  does  not,  of  course,  limit 
the  ability  of  a  computer  to  mimic  natural  intelligence  in  a  lim¬ 
ited  domain.  Another  contention  is  that  thinking  is  "non-algo- 
rithmic,"  that  the  brain  evokes  consciousness  through  a  process 
of  natural  selection  and  inheritance  (32].  Consciousness  is  re¬ 
quired  for  common  sense,  judgment  of  truth,  understanding,  and 
artistic  apprai.sal,  concepts  that  are  not  formal  and  cannot  readily 
be  programmed  for  a  computer  (i.e.,  they  are  not  syntactic). 

Conversely,  functions  that  are  automatic  or  "mindless"  (i.e., 
that  are  unconscious)  could  be  programmed,  implying  that  com¬ 
puters  have  more  in  common  with  "unintelligent"  functions. 


'  As  used  here  "intelligent  flight  control"  subsumes  "inielligcni  guidance, 
navigatii'n.  and  control." 
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Godel's  Theorem^  is  offered  in  [331  ss  an  example  of  an  accepted 
proposition  that  may  be  considered  non-algorithmic;  the  state¬ 
ment  and  proof  of  the  theorem  must  themselves  be  non-algorith¬ 
mic  and,  therefore,  not  computable.  However,  while  the  human 
curiosity,  intuition,  and  creativity  that  led  to  Godel's  Theorem 
may  not  be  replicable  in  a  computer,  the  statement  and  proof  are 
expressed  in  a  formal  way,  so  they  might  be  considered  algo¬ 
rithmic  after  all. 

The  notion  that  syntax  alone  cannot  produce  semantics  is  at¬ 
tacked  as  being  an  axiom  that  is  perhaps  true  but  not  knowabte  in 
any  practical  sen.se  i.34|;  therefore,  the  possibility  that  a  computer 
can  "think "  is  not  ruled  out.  A  further  defense  is  offered  in  (35|, 
which  suggests  that  human  inference  may  be  based,  in  part,  on 
inconsistent  axioms.  This  could  lead  to  rule-based  decisions  that 
are  not  iogicaliy  cou.si.siont,  that  are  affected  by  heunsiic  niases 
or  sensitivities,  that  may  reflect  deeper  wisdom,  or  that  may  be 
wrong  or  contradictory.  For  example,  knowledge  and  belief  may 
be  indistinguishable  in  conscious  thought;  however,  one  implies 
truth  and  the  other  bias  or  uncertainty.  One  might  also  postulate 
the  use  of  meta-rule  bases  that  govern  apparently  non-algorithmic 
behavior.  The  process  of  searching  a  data  base,  though  bound  by 
explicit  symbolic  or  numerical  algorithms,  may  well  produce 
results  not  immediately  identifiable  as  algorithmic. 

More  to  our  point,  it  is  likely  that  a  computer  capable  of  pass¬ 
ing  a  flying-qualities/pilot-workload/control-theoretic  equivalent 
of  the  Turing  test’  (36|  could  be  built  even  though  that  computer 
might  not  understand  what  it  is  doing**.  For  intelligent  flight 
control,  the  principal  objective  is  improved  control  performance, 
that  is,  for  improved  input-output  behavior.  The  computer  can 
achieve  the  operative  equivalent  of  consciousness  on  its  own 
terms  and  in  a  limited  domain,  even  if  it  does  not  po.s.sess  the 
veiled  emotions  of  the  computer  HAL  in  the  movie  200!  or  the 
apparent  concern  for  human  problems  of  ihe  pseudo-psychoana¬ 
lytic  computer  program  Eliza. 

Discussions  of  human  consciousness  naturally  fall  into  using 
the  terminology  of  computer  science.  From  an  information-pro¬ 
cessing  perspective,  it  is  convenient  -  as  well  as  consistent  with 
empirical  data  --  to  identify  four  types  of  thought:  conscious, 
preconscious,  subcon.scious,  and  unconscious  |37).  Conscious 
thought  is  the  thought  that  occupies  our  attention,  that  requires 
focus,  awareness,  reflection,  and  perhaps  some  rehearsal. 
Con.scious  thought  performs  declarative  processing  of  the  indi- 

’  As  summarired  in  [32|:  Any  algorithm  used  to  c.stabli.sh  a  mathematical 
uuth  cannot  prove  the  propositions  on  which  it  is  based.  Or  another  1331; 
Logical  systems  have  to  be  fixed  up  "by  calling  the  undecidaMe  statements 
axioms  and  thereby  declaring  them  to  be  true,"  causing  new  undecidable 
statements  to  crop  up. 

’  Turing  suggested  that  a  computer  could  be  considered  "inlelligem"  if  it  could 
"converse"  with  a  human  in  a  manner  that  is  indistinguishable  from  a  human 
conversing  with  a  human. 

*'  Scaric  describes  such  a  computer  as  a  "Chine.se  Room"  that  translates 
Chinese  characters  correctly  by  following  rules  while  not  understanding  the 
language  in  [3I|. 


vtduaTs  knowledge  or  beliefs.  It  makes  language,  emotion, 
artistry,  and  philosophy  possible.  Unconscious  thought  "de¬ 
scribes  those  products  of  the  perceptual  system  that  go  unat¬ 
tended  or  unrehearsed,  and  those  memories  that  are  lost  from 
primary  memory  through  display  or  displacement "  [37).  Within 
the  unconscious,  we  may  further  identify  two  important  compo¬ 
nents.  Subconscious  thought  is  procedural  knowledge  that  is 
below  our  level  of  awareness  but  central  to  the  implementation  of 
intelligent  behavior.  It  facilitates  communication  with  the  out¬ 
side  world  and  with  other  parts  of  the  body,  providing  the  princi¬ 
pal  home  for  the  learned  skills  of  art,  athletics,  control  of  objects, 
and  craft.  We  are  aware  of  perceptions  if  they  are  brought  to 
consciousness,  but  they  also  may  take  a  subliminal  (subcon¬ 
scious)  path  to  memory.  Preconscious  thought  is  pre-attentive 
declarative  processing  that  helps  choo.se  the  objects  of  oui  con¬ 
scious  thought,  operating  on  larger  chunks  of  information  or  at  a 
more  symbolic  level.  It  forms  a  channel  to  long-term  and  implic¬ 
it  memory,  and  it  may  play  a  role  in  judgment  and  intuition. 

Whether  we  adopt  a  single-processor  model  of  consciousness 
such  as  Adaptive  Control  of  Thought  (ACT*  as  in  [38))  or  a  con- 
nectionist  model  like  Parallel  Distributed  Processing  (PDP  from 
1391),  we  are  led  to  believe  that  the  central  nervous  system  sup¬ 
ports  a  hierarchy  of  intelligent  and  automatic  functions  with 
declarative  actions  at  the  top,  procedural  actions  in  the  middle, 
and  reflexive  actions  at  the  bottom.  We  may  assume  that  declar¬ 
ative  thinking  occurs  in  Ihe  brain's  cerebral  cortex,  which  ac¬ 
cesses  the  interior  limbic  system  for  memory  (40|,  Together, 
they  provide  the  processing  unit  for  conscious  thought.  Regions 
of  the  cerebral  cortex  are  as.sociated  with  different  intellectual 
and  physical  functions;  the  distinction  between  conscious  and 
preconscious  function  may  depend  on  the  activation  level  and 
duration  in  regions  of  the  cerebral  cortex. 

The  working  memory  of  conscious  thought  has  access  to  the 
.spinal  cord  through  other  brain  parts  that  are  capable  of  taking 
procedural  action  (e.g.,  the  brain  stem  for  autonomic  functions, 
Ihe  occipital  lobes  for  vision,  and  the  cerebellum  for  movement). 
Procedural  action  can  be  associated  with  subconscious  thought, 
which  supports  voluntary  automatic  processes  like  movement 
and  sensing.  These  voluntary  signals  are  sent  over  the  somatic 
nervous  system,  transmitting  to  muscles  through  the  motor  neural 
system  and  from  receptors  through  the  sensory  neural  system. 

The  spinal  cord  itself  "closes  the  control  loop"  for  reflexive 
actions  long  before  signals  could  be  processed  by  the  brain. 
Nevertheless,  these  signals  are  available  to  the  brain  for  procedu¬ 
ral  and  declarative  processing.  We  are  all  aware  of  performing 
some  task  (e.g.,  skating  or  riding  a  bicycle)  without  effort,  only 
to  waver  when  we  focus  on  what  we  are  doing.  Involuntary  reg¬ 
ulation  of  the  body's  organs  is  provided  by  the  autonomic  ner¬ 
vous  system,  which  is  subject  to  unconscious  processing  by  the 


17-5 


brain  stem.  "Bio-feedback"  can  be  learned,  allowing  a  modest 
degree  of  higher-level  control  over  some  autonomic  functions. 

Declarative,  procedural,  and  reflexive  functions  can  be  built 
into  a  model  of  intelligent  control  behavior  (Fig.  2).  The 
Conscious  Thought  module  governs  the  system  by  performing 
declarative  functions,  receiving  information  and  transmitting 
commands  through  the  Subconscious  Thought  module,  which  is 
itself  capable  of  performing  procedural  actions.  Conscious 
Thought  is  primed  by  Freconscious  Thought  [41 1,  which  can  per¬ 
form  symbolic  declarative  functions  and  is  alerted  to  pending 
tasks  by  Subconscious  Thought.  These  three  modules  overlie  a 
bed  of  deeper  Unconscious  Thought  that  contains  long-term 
memory.  They  are  capable  of  intellectual  learning,  and  while 
their  physical  manifestation  may  be  like  the  PDF  model,  they  ex¬ 
hibit  characteristics  that  are  most  readily  expressed  by  the  ACT* 
modeP. 
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Figure  2,  A  Model  of  Cognitive/Biological  Control  Behavior. 

The  Subconscious  Thought  module  receives  information 
from  the  Sensory  System  and  conveys  commands  to  the  Muscular 
System  through  peripheral  networks.  Voluntary  Reflexive  Ac¬ 
tions  provide  low-level  regulation  in  parallel  with  the  high-level 


functions,  responding  to  critical  stimuli  and  coordinating  control 
actions.  High-  and  low-level  commands  may  act  in  concen,  or 
one  may  block  the  other.  Voluntary  Reflexive  Actions  can  be 
trained  by  high-level  directives  from  Subconscious  Thought, 
while  the  learning  capabilities  of  involuntary  Reflexive  Action 
are  less  clear.  Control  actions  produce  Body  motion  and  can 
affect  an  external  Controlled  System,  as  in  piloting  an  aircraft.  In 
learned  control  functions.  Body  motion  helps  internalize  the 
mental  model  of  Controlled  System  behavior.  The  Body  and  the 
Controlled  System  are  both  directly  or  indirectly  subjected  to 
Disturbances;  for  example,  turbulence  would  affect  the  aircraft 
directly  and  the  pilot  indirectly.  The  Sensory  System  observes 
External  Events  as  well  as  Body  and  Controlled  System  motions, 
and  it  is  subject  to  Measurement  Errors. 

There  are  many  parallels  and  analogies  to  be  drawn  in  com¬ 
paring  the  functions  of  human  and  computer-based  intelligence  — 
in  fact,  too  many  to  detail  here.  However,  it  may  be  useful  to 
ponder  a  few,  especially  those  related  to  knowledge  acquisition, 
natural  behavior,  aging,  and  control.  Perhaps  the  most  important 
observation  is  that  learning  requires  error  or  incompleteness. 
There  is  nothing  new  to  be  gained  by  observing  a  process  that  is 
operating  perfectly.  In  a  conuol  context,  any  operation  should  be 
started  using  the  best  available  knowledge  of  the  process  and  the 
most  complete  control  resources.  Consequently,  learning  is  not 
always  necessary  or  even  desirable  in  a  flight  control  system. 
Biological  adaptation  is  a  slow  process,  and  proper  changes  in 
behavior  can  be  made  only  if  there  is  prior  knowledge  of  alterna¬ 
tives.  If  adaptation  occurs  too  quickly,  there  is  the  danger  that 
misperceptions  or  disturbance  effects  will  be  misinterpreted  as 
parametric  effects.  Rest  is  an  essential  feature  of  intelligent  bio¬ 
logical  systems.  It  has  been  conjectured  that  REM  I  rapid-eye - 
movement)  Sleep  is  a  time  of  learning,  consolidating,  and  pruning 
knowledge*  142).  Systems  can  learn  even  when  they  are  not 
functioning  by  reviewing  past  performance,  perhaps  in  a  repeti¬ 
tive  or  episodic  way. 

The  cells  of  biological  systems  undergo  a  continuing  birth- 
life-death  process,  with  new  cells  replacing  old;  nature  provides  a 
means  of  transmitting  genetic  codes  from  cell  to  cell.  Never¬ 
theless.  the  central  nervous  system  is  incapable  of  functional  re¬ 
generation.  Once  a  portion  of  the  system  has  been  damaged,  it 
cannot  be  replaced,  although  redundant  neural  circuitry  can  work 
around  some  injuries.  Short-term  memory  often  recedes  into 
long-term  memory,  where  it  generally  takes  longer  to  be  re¬ 
trieved.  With  lime,  items  in  memory  that  are  less  important  are 
forgotten,  possibly  replaced  by  more  important  information; 
hence,  information  has  a  half-life  that  depends  upon  its  signifi¬ 
cance  to  our  lives  (and  perhaps  to  its  "refresh  rate").  Humans  de- 


*  ...  although  the  actual  processing  mechanism  is  not  clear.  In  a  recent 
seminar  at  Princeton  (March  9. 1992).  Herbert  Simon  noted  that  if  you  open 
the  cabinet  containing  a  sequcntial-procc.ssing  computer,  the  innards  look  very 
much  like  those  of  a  parallel  pmces.sor. 


*  "In  REM  Sleep,  the  brain  is  barraged  by  signals  from  the  brain  stem. 
Impulses  fired  to  the  visual  cortex  produce  images  that  may  contain  materials 
from  the  day's  experiences,  unsolved  problems,  and  unfinished  business."  (42| 


17-6 


velop  the  capability  to  form  chords  of  actions  that  are  orches¬ 
trated  or  coordinated  to  achieve  a  single  goal.  Response  to  an 
automotive  emergency  may  include  applying  the  brakes,  disen¬ 
gaging  the  clutch,  steering  to  avoid  an  obstacle,  and  bracing  for 
impact  all  at  once.  We  develop  "knee-jerk"  reactions  that  com¬ 
bine  declarative,  procedural,  and  reflexive  functions,  like  clap¬ 
ping  after  the  last  movement  of  a  symphony. 

Nature  also  provides  structural  paradigms  for  control  that  are 
worth  emulating  in  machines.  First,  there  is  a  richness  of  sensory 
information  that  is  hard  to  fathom,  with  millions  of  sensors  pro¬ 
viding  information  to  the  system.  This  results  in  high  signal-to- 
noise  ratio  in  some  cases,  and  it  allows  symbolic/image  process¬ 
ing  in  others.  Those  signals  requiring  high-bandwidth,  high-reso- 
lution  channel  capacity  (vision,  sound,  and  balance)  have  short, 
dedicated,  parallel  runs  from  the  sensors  to  the  brain.  This  en¬ 
hances  the  security  of  the  channels  and  protects  the  signals  from 
noise  contamination.  Dissimilar  hut  related  sensory  inputs  facili¬ 
tate  interpretation  of  data.  A  single  motion  can  be  sensed  by  the 
eyes,  by  the  inner  ear,  and  by  the  "seat-of-the-pants"  (i.e.,  by 
sensing  forces  on  the  body  itselO,  corroborating  each  other  and 
suggesting  appropriate  actions.  When  these  signals  are  made  to 
disagree  in  moving-cockpit  simulation  of  flight,  a  pilot  may  ex¬ 
perience  a  sense  of  confusion  and  disorientation. 

There  are  hierarchical  and  redundant  structures  throughout 
the  body.  The  nervous  system  is  a  prime  example,  bringing  in¬ 
puts  from  myriad  sensors  (both  similar  and  dissimilar)  to  the 
brain,  and  performing  low-level  reasoning  as  an  adjunct.  Many 
sensing  organs  occur  in  pairs  (e.g.,  eyes,  ears,  inner  ears),  and 
their  internal  structures  are  highly  parallel.  Pairing  allows  grace¬ 
ful  degradation  in  the  event  that  an  organ  is  lost.  Stereo  vision 
vanishes  with  the  loss  of  an  eye,  but  the  remaining  eye  can  pro¬ 
vide  both  foveal  and  peripheral  vision,  as  well  as  a  degree  of 
depth  perception  through  object  size  and  stadiametric  processing. 
Our  control  effectors  (arms,  hands,  legs,  feet)  also  occur  in  pairs, 
and  there  is  an  element  of  "Fail-Op/Fail-Op/Fail-Safe”  design 
1431  in  the  number  of  fingers  provided  for  manual  dexterity. 

Structure  for  Intelligent  Flight  Control 

The  preceding  section  leads  to  a  control  system  structure  that 
overlays  the  cognilive/biological  model  of  Fig.  2  on  the  flight 
control  block  diagram  of  Fig.  1  and  adds  new  functions.  TTie 
suggested  structure  (Fig.  .3)  has  super-blocks  identifying  declara¬ 
tive,  procedural,  and  reflexive  functions;  these  contain  the  classi¬ 
cal  GNC  functions  plus  new  functions  related  to  decision-mak¬ 
ing,  prediction,  and  learning.  The  black  arrows  denote  informa¬ 
tion  flow  for  the  primary  GNC  functions,  while  the  gray  arrows 
illustrate  the  data  flow  that  supports  subsidiary  adjustment  of 
goals,  rules,  and  laws. 

Within  the  super-blocks,  higher-level  functions  are  identified 
as  conscious,  preconscious,  and  subconscious  attributes,  not  with 


disregard  for  the  philosophical  objections  raised  earlier  but  as  a 
working  analog  for  establishing  a  computational  hierarchy.  The 
new  functions  relate  to  setting  or  revising  goals  for  the  aircraft's 
mission,  monitoring  and  adjusting  the  aircraft's  systems  and  sub¬ 
systems,  identifying  changing  characterisdcs  of  the  aircraft  and 
its  environment,  and  applying  this  knowledge  to  modify  the 
structures  and  parameters  of  GNC  functions. 

The  suggested  structure  has  implications  for  both  hardware 
and  software  Declarative  functions  are  most  readily  identified 
with  single-processor  computers  programmed  in  LISP  or  Prolog, 
as  decision-making  is  associated  with  list  processing  and  the 
statement  of  logical  relationships.  Procedural  functions  can  be 
conceptualized  as  vector  or  "pipelined"  processes  programmed  in 
FORTRAN,  Pascal,  or  C,  languages  that  have  been  developed  for 
numerical  computation  with  subroutines,  arrays,  differential 
equations,  and  recursions.  Reflexive  functions  seem  best  mod¬ 
eled  as  highly  parallel  proce.sses  implemented  by  neural  net¬ 
works,  which  apply  dense  mappings  to  large  masses  of  data  al¬ 
most  instantaneously.  Nevertheless,  parallel  processes  can  be 
implemented  using  sequential  processors,  and  sequential  algo¬ 
rithms  can  be  "parallelized"  for  execution  on  parallel  processors. 
The  choice  of  hardware  and  software  depends  as  much  on  the 
current  state-of-the-an  as  on  the  closeness  of  computational  re¬ 
quirements  and  GNC  functions. 

In  the  remainder  of  the  paper,  declarative,  procedural,  and  re¬ 
flexive  control  functions  are  discussed  from  an  aerospace  per¬ 
spective.  In  practice,  the  boundaries  between  mission  tasks  may 
not  be  well  defined,  and  there  is  overlap  in  the  kinds  of  algo¬ 
rithms  that  might  be  applied  within  each  group.  A  number  of 
practical  issues  related  to  human  factors,  system  management, 
certifiability,  maintenance,  and  logistics  are  critical  to  the  suc¬ 
cessful  implementation  of  intelligent  flight  control,  but  they  are 
not  treated  here. 

DECLARATIVE  SYSTEMS 

Goal  planning,  system  monitoring,  and  control-mode  switch¬ 
ing  are  declarative  functions  that  require  reasoning.  Alternatives 
must  be  evaluated,  and  decisions  must  be  made  through  a  process 
of  deduction,  that  is,  by  inferring  answers  from  general  or  do¬ 
main-specific  principles.  The  inverse  process  of  learning  princi¬ 
ples  from  examples  is  induction,  and  not  all  declarative  systems 
have  this  capability.  Most  declarative  systems  have  fixed  struc¬ 
ture  and  parameters,  with  knowledge  induced  off-line  and  before 
application;  declarative  systems  that  learn  on-line  must  possess  a 
higher  level  of  reasoning  ability,  perhaps  through  an  internal  de¬ 
clarative  module  that  specializes  in  training. 


17-7 


Declarative 

Functions 


'Conscious’ 


System 

Monitoring 

:  : 


Goal 

Planning 


'•Trtconscious 


jSystem/Scenario 

Identification 


Procedural 

Functions 


Adaptation 

mi 

‘  Guidance 

] 

I 

1 

Navigation 

i 

m 

V _ y 

Aircraft 

Systems 


Reflexive  Functions 


Control/ 
Compensation 


^  I  i^ompensaiiun 


Estimation/  P 
Compensation 


Aircraft/ 

Actuators 


Sensors  } 


Figure  3.  intelligent  Flight  Control  System  Structure. 


Expert  Systems 

Expert  Systems  are  computer  programs  that  use  physical  or 
heuristic  relationships  and  facts  for  interpretation,  diagnosis, 
monitoring,  prediction,  planning,  and  design.  In  principal,  an 
expert  system  replicates  the  decision-making  process  of  one  or 
more  experts  who  understand  the  causal  or  structural  nature  of 
the  problem  [44].  While  human  experts  may  employ  "nonmono¬ 
tonic  reasoning"  and  "common  sense"  to  deduce  facts  that  appar¬ 
ently  defy  simple  logic,  computational  expert  systems  typically 
are  formal  and  consistent,  basing  their  conclusions  on  analogous 
cases  or  well-defined  rules^. 

A  rule-haseci  expert  system  consists  of  data,  rules,  and  an 
inference  engine  |46|.  It  generates  actions  predicated  on  its  data 
ba.se,  which  contains  measurements  as  well  as  stored  data  or  op¬ 
erator  inputs.  An  expert  system  performs  deduction  using 
knowledge  and  beliefs  expressed  as  parameters  and  rules. 
Parameters  have  values  that  either  are  external  to  the  expert 
system  or  are  set  by  rules.  An  "IF-THEN"  rule  evaluates  a 
premise  by  testing  values  of  one  or  more  parameters  related  by 
logical  "ANDs"  or  "ORs,"  as  appropriate,  and  it  .specifies  an  ac¬ 
tion  that  set  values  of  one  or  more  parameters. 

The  rule  base  contains  all  the  cause-and-effect  relationships 
of  the  expert  system,  and  the  inference  engine  performs  its  func¬ 
tion  by  searching  the  rule  base.  Given  a  set  of  premises  (evi¬ 
dence  of  the  current  state),  the  logical  outcome  of  these  premises 
IS  found  by  a  data-driven  search  [forward  chaining)  through  the 
rules  Given  a  desired  or  unknown  parameter  value,  the  premises 


^  F.' ,  "1  "jssicms  can  have  iree  or  graph  structures.  In  the  former,  there  is  a 
cingh  Kide .  and  all  final  (trrtf)  nodes  arc  connected  to  their  own  single 
hratM  h  .lie  latter,  one  or  more  branches  lead  to  individiial  nodes,  Rcason- 
•ng  IS  I  nini  urnl  if  an  individual  node  is  not  assigned  differing  values  by 
different  hraiKhes  (dSI 


needed  to  support  the  fixed  or  free  value  are  identified  by  a  goal- 
directed  search  (backward  chaining)  through  the  rules.  Querying 
(or  firing)  a  rule  when  searching  in  either  direction  may  invoke 
procedures  that  produce  parameter  values  through  side  effects. 

Both  search  directions  are  used  in  rule-based  control  systems 
(47|.  Backward  chaining  drives  the  entire  process  by  demanding 
that  a  parameter  such  as  CONTROL  CYCLE  COMPLETED  have 
a  value  of  true.  The  inference  engine  works  back  through  the 
rules  to  identify  other  parameters  that  allow  this  and,  where  nec¬ 
essary,  triggers  side  effects  (procedural  or  reflexive  functions)  to 
set  those  parameters  to  the  needed  values.  Backward  chaining 
also  is  invoked  to  learn  the  value  of  ABNORMAL  BEHAVIOR 
DETECTED,  be  it  true  or  false.  Conversely,  forward  chaining 
indicates  what  actions  can  be  taken  as  a  consequence  of  the  cur¬ 
rent  state.  If  SENSOR  MEASUREMENTS  REASONABLE  is  true, 
and  ALARM  DETECTED  is  false,  then  failure  identification  and 
reconfiguration  side  effects  can  be  skipped  on  the  current  cycle. 

Rules  and  parameters  can  be  represented  as  objects  or  frames 
using  ordered  lists  that  identify  names  and  attributes.  Specific 
rules  and  parameters  are  represented  by  lists  in  which  values  are 
given  to  the  names  and  attributes.  The  attribute  lists  contain  not 
only  values  and  logic  but  additional  information  for  the  inference 
engine.  This  information  can  be  used  to  compile  par arrx ter -rule - 
association  lists  that  speed  execution  148).  Frames  provide  use¬ 
ful  parameter  structures  for  related  productions,  such  as  analyz¬ 
ing  the  origin  of  one  or  more  failures  in  a  complex,  connected 
system  (491.  Frames  possess  an  inheritance  property,  thus  a 
particular  object  lays  claim  to  the  properties  of  the  object  type. 
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Crew/Team  Paradigms  for 
Declarative  Flight  Control 

Logical  task-classification  is  a  key  factor  in  the  development 
of  rule-based  systems.  To  this  point,  we  have  focused  on  the  in¬ 
telligence  of  an  individual  as  a  paradigm  for  control  system  de¬ 
sign,  but  it  ^  useful  to  consider  the  hypothetical  actions  of  a 
multi-person  aircraft  crew  as  well.  In  the  process,  we  develop  an 
expen  system  of  expen  systems,  a  hierarchical  structure  that  rea¬ 
sons  and  communicates  like  a  team  of  cooperating,  well-trained 
people  might.  This  notion  is  suggested  in  [50]  and  is  carried  to 
considerable  detail  in  [51-53].  The  Pilot's  Associate  Program 
initially  focused  on  a  four-task  structure  and  evolved  in  the  direc¬ 
tion  of  the  multiple  crew-member  paradigm  [54-561. 

AUTOCREW  is  an  ensemble  of  nine  cooperating  rule-based 
systems,  each  figuratively  emulating  a  member  of  a  World  War 
II  bomber  crew;  executive  (pilot),  co-pilot,  navigator,  flight  en¬ 
gineer,  communicator,  spoofer  (countermeasures),  observer,  at¬ 
tacker.  and  defender  (Fig.  4)  |53|.  The  executive  coordinates 
mission-specific  tasks  and  has  knowledge  of  the  mission  plan. 
The  aircraft's  human  pilot  can  monitor  AUTOCREW  functions, 
follow  its  suggestions,  enter  queries,  and  assume  full  control  if 
confidence  is  lost  in  the  automated  solution.  The  overall  goal  is 
to  reduce  the  pilot's  need  to  regulate  the  system  directly  without 
removing  discretionary  options.  AUTOCREW  contains  over  500 
parameters  and  over  4(X)  rules. 
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Figure  4.  AUTOCREW  Configuration  with  Pilot/Aircraft 
Interface  (adapted  from  [521). 


AUTOCREW  was  developed  by  defining  each  member  ex¬ 
pert  system  as  a  knowledge  base,  according  to  the  following 
principles; 

•  Divide  each  knowledge  base  into  major  task  groups; 
time-critical,  routine,  and  mission-specific. 

»  Order  the  task  groups  from  most  to  least  time-critical  to 
quicken  the  inference  engine's  search. 

•  Break  major  tasks  into  sub-tasks  according  to  the  detail 
necessary  for  communicating  system  functions. 

•  Identify  areas  of  cooperation  between  knowledge  bases. 

The  five  main  task  groups  for  each  crew  member  are;  tasks  exe¬ 
cuted  during  attack  on  the  aircraft,  tasks  executed  during  emer¬ 
gency  or  potential  threat,  tasks  ordered  by  the  EXECUTIVE, 
tasks  executed  on  a  routine  basis,  and  mission-specific  tasks. 
Routine  and  mission-specific  tasks  are  executed  on  each  cycle; 
emergency  tasks  are  executed  only  when  the  situation  warrants. 

Operation  of  AUTOC'REW  was  simulated  to  obtain  com¬ 
parative  expert-system  workloads  for  two  mission  scenarios;  in¬ 
bound  surface-to-air  missile  attack  and  human  pilot  incapacita¬ 
tion  [52).  Results  are  presented  for  five  mission  phases  and  three 
emergency  conditions  in  Fig.  5.  The  Rule  Fraction  is  the  ratio  of 
number  of  rules  fired  during  the  mission  phase  for  the  specified 
AUTOCREW  member  to  the  total  number  of  mission  phase  rules 
in  all  AUTOCREW  knowledge  bases.  The  Parameter  Fraction 
is  the  ratio  of  number  of  tasks  performed  during  the  mission 
phase  for  the  specified  AUTOCREW  member  to  the  total  number 
of  mission  phase  tasks  in  all  knowledge  bases.  Such  compar¬ 
isons  are  helpful  in  allocating  computer  resources  to  component 
functions.  Additional  perspectives  on  intelligent  flight  manage¬ 
ment  functions  can  be  obtained  from  the  literature  on  decision¬ 
making  by  teams,  as  in  157-59).  Alternate  approaches  to  aiding 
the  pilot  in  emergencies  are  given  in  [60,  61  j. 

In  addition  to  the  overall  AUTOCREW  .system,  a  functioning 
NAVIGATOR  sensor-management  expert  system  was  devel¬ 
oped.  As  shown  in  a  later  section,  knowledge  acquisition  for  the 
system  presents  an  interesting  challenge,  because  traditional 
method.s  (e.g.,  domain-expen  interviews)  do  not  provide  .suffi¬ 
ciently  detailed  information  to  design  the  system  |62j. 

Reasoning  Under  Uncertainty 

Rule-based  control  systems  must  make  decisions  under  un- 
cenainty.  Measurements  are  noisy,  physical  systems  are  subject 
to  random  disturbances,  and  the  environment  within  which  deci¬ 
sions  must  be  made  is  ambiguous.  For  procedural  systems,  the 
formalism  of  optimal  state  estimation  provides  a  rigorous  and 
useful  means  of  handling  uncertainty  [63j.  For  declarative  sys¬ 
tems,  there  are  a  number  of  methods  of  uncertainty  management, 
including  probability  theory,  Dempsier-Shafer  theory,  possibility 
theory  (fuzzy  logic),  certainty  factors,  and  the  theory  of  en¬ 
dorsements  [64). 
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Bayesian  belief  networks  [65],  which  propagate  event  prob¬ 
abilities  up  and  down  a  causal  tree  using  Bayes's  rule,  have  par¬ 
ticular  appeal  for  intelligent  control  applications  because  they 
deal  with  probabilities,  which  form  the  basis  for  stochastic  opti¬ 
mal  contiol.  We  have  applied  Bayesian  networks  to  aiding  a  pi¬ 
lot  who  may  be  flying  in  the  vicinity  of  hazardous  wind  shear 
166].  Figure  6  shows  a  network  of  the  causal  relationships 
among  meteorological  phenomena  associated  with  microbursi 
wind  shear,  as  well  as  temporal  and  spatial  information  that  could 
affect  the  likelihood  of  microburat  activity.  A  probability  of 
occurrence  is  associated  with  each  node,  and  a  conditional 
probability  based  on  empirical  data  is  assigned  to  each  arrow. 
The  probability  of  encountering  microburst  wind  shear  is  the 
principal  concern;  however,  each  time  new  evidence  of  a  particu¬ 
lar  phenomenon  is  obtained,  probabilities  are  updated  throughout 
the  entire  tree.  In  the  process,  the  estimated  likelihood  of  actu¬ 
ally  encountering  the  hazardous  wind  condition  on  the  plane's 
flight  path  is  refined.  Unlike  other  applications  of  hypothesis 
testing,  the  threshold  for  advising  a  go-around  during  landing  or 
an  abort  prior  to  takeoff  is  a  very  low  probability  --  typically  0.01 
or  less  -  as  the  consequences  of  actually  encountering  a  strong 
microburst  are  severe  and  quite  possibly  fatal. 

The  safety  of  aircraft  operations  near  microburst  wind  shear 
will  be  materially  improved  by  forward-looking  Doppler  radar, 
which  can  sense  variations  in  the  wind  speed.  Procedural  func¬ 
tions  that  can  improve  the  reliability  of  the  wind  shear  expert  sys¬ 
tem  include  extended  Kalman  filtering  of  the  velocity  measure¬ 
ments  at  incremental  ranges  ahead  of  the  aircraft  167|. 


Figure  7  shows  the  inevitable  tradeoff  between  the  probability  of 
missed  detection  (?md)  and  the  probability  of  false  warning 
(•^Fw)  in  proce.ssing  such  measurements.  Monte  Carlo  simula¬ 
tions  are  used  to  define  the  detection  statistics.  In  the  present  ap¬ 
plication,  the  penalty  for  false  warning  is  less  than  for  missed 
detection;  however,  too  many  false  warnings  could  cause  the 
crew  to  lose  confidence  in  the  expert  system  and  would  have  a 
negative  effect  on  transpon  operations,  so  the  detection  threshold 
must  be  chosen  carefully. 
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Figure  5.  AUTOCREW  Relative  Workload  for  Mission-Specific  and  Emergency  Scenarios  (52). 
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Figure  7.  Statislital  Analysis  of  Detection  Probability  |671, 


Probabilistic  reasoning  of  a  different  sort  has  been  applied  to 
a  problem  in  automotive  guidance  that  may  has-e  application  in 
future  Intelligent  Vchicle/Highway  Systems  [6X-7()|  Intelligent 
guidance  for  headway  and  lane  control  on  a  highway  with  sur¬ 
rounding  traffic  is  based  on  wor.sl-plausihle  case  decisinn-mak- 
inf!-  It  is  assumed  that  the  intelligent  automobile  (lA)  has  imag¬ 
ing  capability  as  well  as  on-board  motion  sensors:  hence,  it  can 
deduce  the  .-ipeed  and  position  of  neighboring  automobiles.  Each 
automobile  is  modeled  as  a  simple  discrete-time  dynamic  system, 
and  estimates  of  vehicle  states  are  propagated  using  extended 
Kalman  filters  There  are  limits  on  the  performance  capabil¬ 
ities  of  all  vehicles,  and  lA  strategy  is  developed  using  time-to- 
collide,  braking  ratios,  driver  aggressiveness,  and  desired  security 
factors.  Plausible  guidance  commands  are  formulated  by 
minimizing  a  cost  function  based  on  these  factors  170],  A  gen¬ 
eral  layout  of  the  logic  is  shown  in  Fig.  8,  and  a  partial  decision 
tree  for  lateral  guidance  is  presented  as  Fig.  d.  Both  normal  and 
emergency  expert  systems  govern  the  process,  supported  by  pro¬ 
cedural  calculations  for  situation  assessment,  traffic  prediction, 
estimation,  and  control  Guidance  commands  are  formulated  by 
minimizing  a  cost  function  based  on  these  factors  |70|. 


Figure  8.  Intelligent  Guidance  for  Automotive 
Headway  and  Lane  Control  (691. 


Alternate  plausible  strategies  for  each  neighbonng  automo¬ 
bile  are  extrapolated,  with  predictions  of  both  means  and  covan 
ances.  Expected  values  of  plausibility,  belief  interval,  and  haz¬ 
ard  functions  are  calculated,  scores  for  feasible  lA  actions  are 
computed,  and  the  best  course  of  action  is  decided,  subject  to  ag 
gressiveness  and  secunty  factors,  as  suggested  by  Fig.  9.  Deter 
ministic  and  Monte  Carlo  simulations  are  conducted  to  demon 
sirale  .system  performance  and  to  fine-tune  logical  parameters. 


Change  No  No 
Change  Change 

Figure  9.  Partial  Decision  Tree  used  to  Model  Lateral  Behavior 
in  Intelligent  .Automotive  Control  169], 

Each  of  the  expert  systems  discussed  in  this  section  pertonns 
deduction  in  a  cyclical  fashion  based  on  prior  logical  structures, 
prior  knowledge  of  parameters,  and  real-time  measurements.  It 
is  clear  that  intelligent  flight  control  systems  must  deal  with  un 
anticipated  events,  but  it  is  difficult  to  identify  aeronauiical  ap¬ 
plications  where  on-line  declarative  learning  is  desirable.  Nev- 
enbfiess.  off-line  induction  is  needed  to  formulate  the  initial  de¬ 
clarative  system  and  perhaps  (in  a  manner  reminiscent  cf  PTM 
Sleep)  to  upgrade  declarative  logic  between  missions. 

Inducing  Knowledge  in  Declarative  Systems 

In  common  usage,  "learning"  may  refer  a)  to  collecting  inputs 
and  deducing  outputs  and  b)  to  inducing  the  logic  that  relates  in¬ 
puts  and  outputs  to  specific  tasks.  Here,  we  view  the  first  process 
as  the  normal  function  of  the  intelligent  system  and  the  second  as 
"learning."  Teaching  an  expert  system  the  rules  and  parameters 
that  generalize  the  decision-making  process  from  specific 
knowledge  is  the  inverse  of  expert-system  operation.  Given  all 
possible  values  of  the  parameters,  what  are  the  rules  that  connect 
them?  Perhaps  the  most  common  answer  is  to  interview  experts 
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in  an  attempt  to  capture  the  logic  that  they  use.  or  failing  that,  to 
study  the  problem  intensely  so  that  one  becomes  expert  enough 
to  identify  naturally  intelligent  solutions.  ’’  h.ise  approaches  can 
be  formalized  |71,  72|,  and  they  were  '■  .  ones  used  in  1671  and 
1681.  Overviews  of  alternatives  induction  can  be  found  in 
145,46.7^,741. 

Two  approache'  are  considered  m  greater  detail.  The  first  is 
called  rule  rec  uilmenl  1751,  and  it  involves  the  manipulation  of 
"dormani  i  ca"  (or  rule  templates).  This  method  was  applied  in 
the  development  of  an  intelligent  failure-tolerant  control  system 
for  a  helicopter.  Each  template  possesses  a  fixed  premise-action 
structure  and  refers  to  parameters  through  pointers.  Rules  are 
constructed  and  incorporated  in  the  rule  base  by  defining  links 
and  modifying  parametcr-rule-association  lists.  Learning  is 
based  on  Monte  Carlo  simulalions  of  the  controlled  system  with 
aliemaie  failure  scenarios.  Learned  parameter  values  then  can  be 
defined  as  "fuzzy  functions"  |761  contained  in  rule  premises.  For 
example,  a  typical  rule  reads,  IF  Indicator  1  is  near  A  and  Indi¬ 
cator  2  is  near  B.  THEN  there  is  a  good  chance  that  Forward 
Collective  Pitch  Control  is  bia.sed  from  nominal  by  an  amount 
near  C  and  that  Failure  Detection  Delay  is  near  D." 

The  second  approach  is  to  construct  classification  or  decision 
trees  that  relate  attributes  in  the  data  to  decision  classes  152| 
The  problem  is  to  develop  an  Expert  Navigation-Sensor  Manage- 
meni  System  (NSM)  that  selects  the  best  navigation  aids  front 
available  measurements.  Several  aircraft  paths  were  simulated, 
and  the  corresponding  measurements  that  would  have  been  made 
by  OPS.  Loran,  Tacan.  VOR.  DME.  Doppler  radar,  air  data,  and 
inertial  sensors  were  calculated,  with  representative  noise  added 
The  simulated  measurements  were  prexessed  by  extended  Kal 
man  filters  to  obtain  optimal  state  estimates  in  200  simulations 
Using  ihe  rixit-sum-square  error  as  a  decision  metric.  Analysis  of 
Vanance  (ANOVA)  identifies  the  factors  that  make  statistically 
significant  contributions  to  the  decision  metric,  and  the  Iterative 
Dichotomizcr  #.4  (ID.4)  algorithm  177-79]  extracts  rules  from  the 
training  set  by  inductive  inference.  The  ID.1  algorithm  quantifies 
the  entropy  content  of  each  attribute,  that  is,  the  information 
gained  by  testing  the  attribute  at  a  given  decision  node.  It  uses  an 
information-theoretic  measure  to  find  a  splitting  strategy  that 
minimizes  the  number  of  nodes  required  to  characterize  the  tree. 
Over  9(X)  examples  were  u.sed  to  develop  the  NSM  deci.sion  tree. 

NSM  performance  was  assessed  at  nearly  5(X)  points  on  two 
trajectories  that  differed  from  the  training  set.  NSM  correctly  as¬ 
sessed  the  error  class  for  each  navaid  type  (±1  error  class)  nwst 
of  the  time  (see  Fig.  5  of  |521),  and  differences  between  NSM 
and  optimal  navigation  solutions  were  found  to  be  minimal. 


PROCEDURAL  SYSTEMS 

Most  guidance,  navigation,  and  control  systems  fielded  lo 
date  a.e  procedural  systems  using  sequential  algorithms  on  se¬ 
quential  processors.  Although  optimality  of  a  cost  function  is  not 
always  a  necessary  or  even  sufficient  condition  for  a  "gcxxl" 
system,  linear-optimal  stochastic  controllers  provide  a  good 
generic  structure  for  discussion.  They  are  presented  in  state- 
space  fomi.  they  contain  separate  control  and  estimation  func¬ 
tions,  and  they  provide  an  unusual  degree  of  design  flexibility. 
The  optimal  regulator  effectively  produces  an  approximate  stable 
inverse  in  providing  desired  response.  The  nonlinear-inverse- 
dynamic  controller  is  a  suitable  design  alternative  in  some  cases. 

Control  and  Estimation 

We  assume  that  a  nominal  (desired)  fiight  path  is  generated 
by  higher-level  intelligence,  such  as  the  human  pilot  or  declara 
five  machine  logic,  or  as  a  stored  series  of  waypeiints  The  pro 
cedural  system  must  follow  the  path.  x*ir)  in  i„  <.  i  <  if.  C'oniro! 
is  exercised  by  a  digital  computer  at  time  intervals  of  .1;  The  n- 
dimensional  slate  vector  penurbaiion  at  tune  n  is  \x,  and  the  m- 
dimensional  control  vector  perturbation  is  uk..  The  discrete-time 
linear-quadratic-Gaussian  (LOG)  conirol  law  is  formed  as  |6.7|. 

Ok  =  u*ii  -  Cfilxk  -  x*k|  =  Oy-u  -  C'BXk  ( 1 

y*k  IS  Ihe  desired  value  of  an  output  vector  (=  H,x)c  -r  HuUi.). 
and  %  is  the  Kalman  filter  estimate,  expressed  in  two  steps; 

5kt-)  -  <l>Sk  |i*)  *  •  Uk  i 

fik  =  Ski-*-)  =  SkU)  *-  Klzk  -  HobsXk(-)|  (2 

The  forward  and  feedback  control  gain  matnees  are  Cp  and  Cb. 
<t>  and  r  are  state-transition  and  control-effect  matrices  that  de¬ 
scribe  the  aircraft’s  assumed  dynamics,  the  estimator  gain  matrix 
is  K,  and  the  measurement  vector,  zk.  is  a  transfot-mation  of  the 
Slate  through  H„t,s  The  gains  C’b  and  K  result  from  solving  two 
Riccali  equations  that  introduce  tradeoffs  between  control  use 
and  slate  perturbation  and  between  the  strengths  of  random  dis¬ 
turbances  and  measurement  error.  Up,  which  provides  proper 
steady-state  command  response,  is  an  algebraic  function  of  Cb. 
<I>,  r,  and  Hobs.  All  of  the  matrices  may  vary  in  time,  and  it  may 
be  necessary  to  compute  K  on-line.  In  the  remainder,  it  is  not  es¬ 
sential  that  Cb  and  K  be  optimal  (i.e.,  they  may  have  been  de¬ 
rived  from  eigen  structure  assignment,  loop  shaping,  etc  ),  al¬ 
though  the  LQR  gains  guarantee  useful  properties  of  the  nominal 
closed-loop  system  |6.T1. 

The  control  structure  provided  by  eq,  1  and  2  is  quite  flexi¬ 
ble.  It  can  represent  a  scalar  feedback  loop  if  z  contains  one 
measurement  and  u  one  control,  or  it  can  address  measurement 
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and  control  redundancy  with  /.  and  u  dimensions  that  exceed  the 
dimension  of  the  state  x.  It  also  is  possible  to  incorporate  re¬ 
duced-order  modeling  in  the  estimator.  Assuming  that  0  and  T 
have  the  same  dimensions  as  the  aircraft's  dynamic  model  (n  x  n 
and  n  x  m).  the  haseltne  estimator  introduces  order  compen¬ 
sation  in  the  feedhack  control  loop. 

The  weights  of  the  quadratic  control  cost  function  can  be 
chosen  nsst  only  to  penalize  state  and  control  perturbations  but  to 
prtxluce  output  i\'ei);htini>.  state  rate  weiKhtin/i,  and  implicit 
oiodel  following,  all  without  mixlifying  the  dynamic  nuxlel  |631. 
Inief;ral  compensation,  hm  -pass  filter  compensation,  and  explicit 
model  followtnji  can  be  obtained  by  augmenting  the  system 
model  during  the  design  process,  increasing  the  compensation 
order  and  prtxiucing  the  control  structures  shown  in  Fig.  10. 

These  cost  weighting  and  cotiifiensaiion  features  can  be  used 
together,  as  in  the  proportional- integral/implicit-iiiixiel  following 
controllers  developed  in  |X0|.  Implicit  tinxlel  following  is  espe¬ 
cially  valuable  when  an  ideal  nuxlel  can  be  s|x;cified  (as  identi¬ 
fied  in  tlying  qualities  specifications  and  standards  |.‘S.  61).  and 
integral  compensation  provides  automatic  trimming"  (control 
that  synthesizes  u'k  corresponding  to  x*x  to  achieve  zero  steady- 
state  command  errori  and  low  frequency  robustness.  Combining 
integral  and  filter  compensation  produces  controllers  with  gtxxl 
command  tracking  pert'omiance  and  smcxiih  control  actions,  as 
demonstrated  in  (light  tests  |KI-K,^|.  The  1-QCi  regulator  natu¬ 
rally  intrixluces  an  internal  model  of  the  controlled  plant,  a  fea¬ 
ture  that  facilitates  control  design  1X4|.  It  prrxluces  a  stable  ap¬ 
proximation  to  the  system  inverse,  which  is  at  the  heart  of  achiev¬ 
ing  desired  command  tracking. 

The  estimator  in  the  feedhack  loop  presents  an  efftcient 
means  of  dealing  with  uncertainty  in  the  measurements,  in  the 
disturbance  inputs,  and  (to  a  degree)  in  the  aircraft's  dynamic 
mtxiel  If  measurements  arc  very  noisv,  the  estimator  gam  ma¬ 
trix  K  is  "small,"  so  that  the  filter  relies  on  extrapolation  of  the 
system  model  to  estimate  the  state.  If  disturbances  are  large,  the 
state  itself  is  more  uncertain,  and  K  is  "large."  putting  more  em¬ 
phasis  on  the  measurements.  liffects  of  uncertain  parameters  can 
be  approximated  as  "process  noise"  that  increases  the  importance 
of  measurements,  leading  to  a  higher  K.  If  the  system  uncertain¬ 
ties  are  constant  but  unknown  biases  or  scale  factors,  a  better  ap¬ 
proach  ts  to  augment  the  filter  state  to  estimate  the.se  terms  di¬ 
rectly.  Parametric  uncertainly  intrixluces  nonlinearity;  hence,  an 
extended  Kalman  filter  must  be  used  16,4]. 


a)  l.incar-Quadraiic-Gaussian  (LQCi)  Regulator. 


b)  Proponional-Filicr  TQG  Regulator. 


c)  Proponional-Integral  L(Xi  Regulator 


d)  flxplicii-Misdel-Following  l.QG  Regulator. 

Figure  10.  Structured  Linear-Quadraiic-Gaussian  Regulators. 


Stability  and  Performance  Robustness 

Controlled  system  robustness  is  the  ability  to  maintain  satis 
factory  stability  and  performance  in  the  presence  of  parametric  or 
structural  uncertainties  in  either  the  aircraft  or  its  control  system. 
All  controlled  systems  must  possess  some  degree  of  robustness 
against  operational  parameter  variations.  The  inherent  stability 
margins  of  cenain  algebraic  control  laws  (e.g.,  the  linear-quadrat¬ 
ic  (LQ)  regulator  (63,  8.S-87I)  may  become  vanishingly  small 
when  dynamic  compensation  (e.g.,  the  estimator  in  a  linear- 
quadratic-Gaussian  (LQG)  regulator)  is  added  188).  Restoring 
the  robu.stnes,s  to  that  of  the  LQ  regulator  typically  requires  in¬ 
creasing  estimator  gains  (within  practical  limits)  using  the  loop- 
transfer-recovery  method  |89|. 

Subjective  judgments  must  be  made  in  assessing  the  need  for 
robu.stnes.s  and  in  establishing  corresponding  control  system  de¬ 
sign  criteria,  as  there  Is  an  inevitable  tradeoff  between  robustness 
and  nominal  system  performance  |9()|.  The  designer  must  know 
the  normal  operating  ranges  and  distributions  of  parameter  varia- 
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lions,  as  we'l  as  the  specifications  for  system  operability  with 
failed  components,  else  the  final  design  may  afford  too  little  ro¬ 
bustness  for  possible  parameter  variations  or  too  much  robustness 
for  satisfactory  nomin.'-l  performance.  Robustness  traditicnally 
has  been  assessed  deterministically  191,  92|;  gain  and  phase 
margins  are  an  inherent  part  of  the  cla.ssical  design  of  single¬ 
input/single-output  systems,  and  there  are  multi-input/multi¬ 
output  equivalents  based  on  singular-value  analysis  (e.g.,  (931). 
A  critical  difficulty  in  applying  these  techniques  is  relating  singu¬ 
lar-value  bounds  on  return-difference  and  inverse-retum-differ- 
ence  matrices  to  real  parameter  variations  in  the  system. 

Statistical  measures  of  robustness  can  use  knowledge  of  po¬ 
tential  variations  in  real  parameters.  The  probability  of  instabil¬ 
ity  was  introduced  in  (94|  and  is  further  described  in  (95,  96). 
The  stochastic  robustness  of  a  linear,  time-invanant  system,  is 
judged  using  Monte  Carlo  simulation  to  estimate  the  probability 
distributions  of  closed-loop  eigenvalues,  given  the  statistics  of 
the  variable  parameters  in  the  system's  dynamic  model.  The 
probability  that  one  or  more  of  these  eigenvalues  have  positive 
real  parts  is  the  scalar  measure  of  robustness,  a  figure  of  merit  to 
be  minimized  by  control  system  design.  Because  this  metric  can 
take  one  of  only  two  values,  it  has  a  binomial  distribution:  hence. 
the  confidence  intervals  associated  with  estimating  the  metric 
from  simulation  tire  independent  of  the  number  or  nature  of  the 
uncertain  parameters  |9,5|. 

Considerations  of  performance  robustness  are  easily  taken 
into  account  in  Stochastic  Robustness  Analysis  (SRA).  Systems 
designed  using  a  variety  of  robust  control  methods  (loop  transfer 
recovery.  H*  optimization,  structured  covariance,  and  game  the¬ 
ory)  are  analyzed  in  |97|.  with  attention  directed  to  the  probabil¬ 
ity  of  instability,  probability  of  settling-time  exceedence,  proba¬ 
bility  of  excess  control  usage,  and  tradeoffs  between  them.  The 
analysis  uncovers  a  w  ide  range  of  system  responses  and  graphi¬ 
cally  illustrates  that  gain  and  phase  margins  are  not  good  indica¬ 
tors  of  the  probability  of  instability*'.  This  also  raises  doubts 
about  the  utility  of  singular  values,  as  they  are  multivariable 
equivalents  of  the  classical  robustness  metrics.  Incorporating 
SRA  into  the  design  of  an  l.Qli  regulator  with  implicit  model 
following  and  filter  compensation  leads  to  designs  that  have  high 
levels  of  stability  and  perfonnance  robustness  |9X|.  The  reason 
for  improvement  is  that  SRA  measures  the  actual  effects  of  pa¬ 
rameter  variations  on  stability  and  performance  rather  than  in¬ 
cremental  changes  in  the  nominal  margins. 


"  Real  pantnclcr  vanalHms  affccl  not  iinly  ihc  magniiiKlc  and  relative  phase 
angle  of  the  system's  Nyquisi  contour  but  its  sliane  as  well  |63|.  Therefore. 
Ihc  points  along  the  contour  that  establish  gain  and  phase  margin  (i.e.,  Ihc 
corresponding  Bode -plot  frequencies)  subject  lo  change. 


Adaptation  and  Tolerance  to  Failures 

Adaptation  always  has  been  a  critical  element  of  stability 
augmentation.  Most  aircraft  requiring  improved  stability  un¬ 
dergo  large  variations  in  dynamic  characteristics  on  a  typical 
mission.  Gain  scheduling  and  control  interconnects  initially  were 
implemented  mechanically,  pneumatically,  and  hydraulically; 
now  the  intelligent  part  is  done  within  a  computer,  and  there  is 
increased  freedom  to  use  sophisticated  scheduling  techniques  that 
approach  full  nonlinear  control  (81. 991.  It  becomes  feasible  not 
only  to  schedule  according  to  flight  co.idition  but  to  account  for 
differences  in  individual  aircraft.  Flight  control  systems  that 
adapt  to  changes  due  to  wear  and  exposure  and  that  report 
changes  for  possible  maintenance  action  can  now  be  built. 

Tolerance  to  system  failures,  such  as  plant  alterations,  actua¬ 
tor  and  sensor  failures,  computer  failure,  and  power  supply/trans¬ 
mission  failure,  is  an  iinponant  issue.  Multiple  failures  can  oc¬ 
cur,  particularly  as  a  consequence  of  physical  damage,  and  they 
may  be  intermittent.  Factors  that  must  be  considered  in  design¬ 
ing  failure-tolerant  controls  include,  allowable  performance  deg¬ 
radation  in  the  failed  state,  criticality  and  likelihood  of  the  fail¬ 
ure,  urgency  of  response  to  failure,  tradeoffs  between  correctness 
and  speed  of  response,  normal  range  of  system  uncertainty,  dis¬ 
turbance  environment,  component  reliability  vs.  redundancy, 
maintenance  goals,  system  architecture,  limits  of  manual  inter¬ 
vention,  and  life-cycle  costs  |4.31. 

One  approach  to  failure  tolerance  is  parallel  redunilancy:  two 
or  more  control  strings,  each  separately  capable  of  satisfactory 
cont.ol,  are  implemented  in  parallel.  A  voting  scheme  is  used  for 
redundancy  management.  With  two  identical  channels,  a  com¬ 
parator  can  detennine  whether  or  not  control  signals  are  identi¬ 
cal;  hence,  it  can  detect  a  failure  but  cannot  identify  which  string 
has  failed.  Using  three  identical  channels,  the  control  signal  with 
the  middle  value  can  be  selected  (or  voted),  assuring  that  a  single 
failed  channel  never  controls  the  plant.  In  any  voting  system,  it 
remains  for  additional  logic  to  declare  unselected  channels  failed. 
Given  the  vectorial  nature  of  control,  this  declaration  may  be 
equivocal,  as  middle  values  of  control-vector  elements  can  be 
drawn  from  different  strings. 

Parallel  redundancy  can  protect  against  control-system  com¬ 
ponent  failures,  but  it  does  not  address  failures  of  plant  compo¬ 
nents.  Analytical  redundancy  provides  a  capability  to  improve 
tolerance  to  failures  of  both  types.  The  principal  functions  of  an¬ 
alytical  redundancy  are  failure  detection,  failure  identification, 
and  control-system  re.  onfiKuration.  These  functions  use  the  con¬ 
trol  computer's  ability  to  compare  expected  respon.sc  to  actual 
response,  inferring  component  failures  from  the  differences  and 
changing  cither  the  structure  or  the  parameters  of  the  control 
system  a-  a  consequence  |47). 
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Procedural  adaptation  and  failure-tolerance  features  will 
evolve  outward,  to  become  more  declarative  in  their  supervision 
and  more  reflexive  in  their  implementation.  Declarative  func¬ 
tions  are  e'-pvT'ally  important  for  differentiating  between  normal 
and  emergency  control  functions  and  sensitivities.  They  can 
work  to  reduce  trim  drag,  to  increase  fatigue  life,  and  to  improve 
handiit,^  and  ride  qualities  as  functions  of  turbulence  level,  pas¬ 
senger  loading,  and  so  on.  Gain-scheduling  control  can  be 
viewed  as  fuzzy  control,  suggesting  that  me  latter  has  a  role  to 
play  in  aircraft  control  systems  (100-I02|.  Reflexive  functions 
can  be  added  by  computational  neural  networks  that  approximate 
nonlinear  multivariate  functions  or  classify  failures. 

Nonlinear  Control 

Aircraft  dynamics  are  inherently  nonlinear,  but  aerodynamic 
nonlinearities  and  inertial  coupling  effects  are  generally  smooth 
enough  in  the  principal  operating  regions  to  allow  linear  control 
design  techniques  to  be  used.  Control  actuators  impose  hard 
constraints  on  operation  because  their  displacements  and  rates 

Strictly  1  mited.  Nonlinear  control  laws  can  improve  control 
precision  and  widen  stability  boundaries  when  flight  must  be 
conducted  at  high  angles  or  high  angular  rates  and  when  the 
control-actuator  limits  must  be  challenged. 

The  general  principles  of  nonlinear  inverse  control  are 
straightforward  |  Given  a  nonlinear  system  of  the  form, 

X  =  fix) -f  (;(x)u  (3 

where  (Kx)  is  square  (m  =  n)  and  non-singular,  the  control  law 

0  =  -{f'f(x)  +  (P'v  (4 

inverts  the  system,  since 

X  =  f(x)  +  r'x)|-(;  'f(x)  -t-  (»-iv|  =  V  (5 

where  v  is  the  command  input  to  the  system. 

In  general,  (i(x)  is  not  square  (m  *  n):  however,  given  an  m- 
dimensional  output  vector, 

y  =  Hx  (6 

it  is  possible  to  define  a  nonlinear  feedback  control  law  that  pro¬ 
duces  output  decoupling  of  the  elements  of  y  or  their  derivatives 
such  that  yi'fi  =  v.  The  vector  y>‘^>  contains  Lie  derivatives  of  y, 

y(d)  =  =  f*(x)  +  (;*(x)u  (7 

where  d  is  the  relative  degree  of  differentiation  required  to  iden¬ 
tify  a  direct  control  effect  on  each  element  of  y.  G*(x)  and  f*(x) 
are  components  of  the  Lie  derivatives,  and  G*(x)  is  guaranteed 


to  be  siTucturally  invenible  by  the  condition  that  defines  relative 
degree  1 104].  The  decoupling  control  law  then  taxes  the  form 

u  =  -lG*(x)l-’f*(x)-t-(G*(x)|-'v  (8 

The  control  law  is  completed  by  feeding  y  back  as  appropriate  to 
achieve  desired  transient  response  and  by  pre-filtering  v  to  pro¬ 
duce  the  desired  command  response  ( 105).  Because  the  full  state 
is  rarely  measured  and  measurements  can  contain  errors,  it  may 
be  necessary  to  estimate  x  with  an  extended  Kalman  filter,  sub¬ 
stituting  X  for  X  in  control  computations. 

Evaluating  G*(x)  and  f*(x)  requires  that  a  full,  d-differen- 
tiable  model  of  aircraft  dynamics  be  included  in  the  control  sys¬ 
tem;  hence  the  statement  of  the  control  law  is  simple,  but  its  im¬ 
plementation  is  complex  (Fig,  1 1).  Smooth  interpolators  of  the 
aircraft  model  (e.g..  cubic  splines)  are  needed.  Feedforward  neu¬ 
ral  networks  w'-h  sigmoidal  activation  functions  are  infinitely 
differentiable,  providing  a  good  means  of  representing  this  model 
on-line  and  allowing  adaptation  1 106,  107|. 

There  are  limitations  to  the  inverse  control  approach  1 108|. 
The  principal  concerns  are  pointwise  singularity  of  G*(x),  the  ef¬ 
fects  of  control  saturation,  and  the  presence  of  the  nonlinear 
equivalent  of  non-minimum-phase  (NMP)  zeros  in  aircraft  dy¬ 
namics.  The  command  vector  (eq.  6)  has  a  direct  effect  on  the 
definition  of  G*(x).  In  1 105],  the  singular  points  of  G*(x)  tire 
found  to  be  outside  the  flight  envelope  of  the  subject  aircraft  for 
all  command  vectors.  When  saturation  of  a  control  effector  oc¬ 
curs,  the  control  dimension  must  be  reduced  by  one;  hence,  the 
command  vector  is  redefined  to  exclude  the  least  important  ele¬ 
ment  of  y  in  1 105].  The  command  vector  is  returned  to  original 
dimension  when  the  control  effector  is  no  longer  saturated. 

Whether  or  not  NMP  zero  effects  are  encountered  depends  on 
the  command-vector  definition  and  on  the  physical  model.  Some 
command-vector  definitions  for  aircraft  control  produce  no  NMP 
zeros  1105).  When  NMP  zeros  occur  in  conventional  aircraft 
models,  they  are  due  to  small  force  effects  (e.g.,  lift  due  to  eleva¬ 
tor  deflection  and  pitch  rate);  it  may  be  possible  to  neglect  them, 
eliminating  the  problem. 


Figure  11.  Decoupling  Nonlinear-Inverse  Control  Law. 
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REFLEXIVE  SYSTEMS 

Inner-loop  control  is  a  reflexive  (though  not  necessarily  lin¬ 
ear)  function.  To  date,  most  inner  loops  have  been  designed  as 
procedural  control  structures;  computational  neural  networks 
may  extend  prior  results  to  facilitate  nonlinear  control  and  adap¬ 
tation.  Neural  networks  can  be  viewed  as  nonlinear  generaliza¬ 
tions  of  sensitivity,  transformation,  and  gain  matrices.  Conse¬ 
quently,  compensation  dynamics  can  be  incorporated  by  follow¬ 
ing  earlier  models  and  control  structures.  Nonlinear  proportion¬ 
al-integral  and  model  following  controllers,  as  well  as  nonlinear 
estimators,  can  be  built  using  computational  neural  networks. 

Computational  Neural  Networks 

Computational  neural  networks  are  motivated  by  input-out¬ 
put  and  learning  properties  of  biological  neural  systems,  though 
in  mathematical  application  the  network  becomes  an  abstraction 
that  may  bear  little  resemblance  to  its  biological  model.  Compu¬ 
tational  neural  networks  consist  of  nodes  that  simulate  the  neu¬ 
rons  and  weighting  factors  that  simulate  the  synapses  of  a  living 
nervous  system.  The  nodes  are  nonlinear  basis  functions,  and  the 
weights  contain  knowledge  of  the  system.  Neural  networks  are 
good  candidates  for  performing  a  variety  of  reflexive  functions  in 
intelligent  control  systems  because  they  are  potentially  very  fast 
(in  parallel  hardware  implementation),  they  are  intrinsically  non¬ 
linear,  they  can  address  problems  of  high  dimension,  and  they 
can  learn  from  experience.  From  the  biological  analogy,  the  neu¬ 
rons  are  modeled  as  switching  functions  that  take  just  two  dis¬ 
crete  values;  however,  "switching"  may  be  softened  to  "satura¬ 
tion,"  not  only  to  facilitate  learning  of  the  synaptic  weights  but  to 
admit  the  modeling  of  continuous,  differentiable  functions. 

The  neural  networks  receiving  most  current  attention  are 
static  expressions  that  perform  one  of  two  functions.  The  first  is 
to  approximate  multivariate  functions  of  the  form 

y  =  hlx)  (9 

where  x  andy  are  input  and  output  vectors  and  h(’)  is  the  (possi¬ 
bly  unknown)  relationship  between  them.  Neural  networks  can 
be  considered  generalized  .spline  functions  that  identify  efficient 
input-output  mappings  from  observations  1 109,  110),  The  second 
application  is  to  classify  attributes,  much  like  the  decision  trees 
mentioned  earlier,  (In  fact,  decision  trees  can  be  mapped  to 
neural  networks  [111).)  The  following  discussion  emphasizes 
the  first  of  these  two  applications. 

An  N-iaycT  feedforward  neural  network  (FNN)  represents  the 
function  by  a  sequence  of  operations, 

r(l‘)  =  s<'‘)lW(l'-l)r(l'-')l=s(>‘)|il('‘)l,k  =  1  toN  (10 


where  y  =  and  x  =  rW).  is  a  matrix  of  weighting 

factors  determined  by  the  learning  process,  and  s^l^))*)  is  an  acti¬ 
vation-function  vector  whose  elements  normally  are  identical, 
scalar,  nonlinear  functions  Oi(Tii)  appearing  at  each  node: 

s(>t)[r)(lt))  =  [ai(Tii(l‘))  ...Onfnn^*^^)]^  (11 

One  of  the  inputs  to  each  layer  may  be  a  unity  threshold  element 
that  adjusts  the  bias  of  the  layer's  output.  Networks  consisting 
solely  of  linear  activation  functions  are  of  little  interest,  as  they 
merely  perform  a  linear  transformation  H,  thus  limiting  eq.  9  to 
the  form,  y  =  Hx. 

Figure  12  represents  two  simple  feedforward  neural  net¬ 
works.  Each  circle  represents  an  arbitrary,  scalar,  nonlinear 
function  Oi(*)  operating  on  the  sum  of  its  inputs,  and  each  arrow 
transmits  a  signal  from  the  previous  node,  multiplied  by  a 
weighting  factor.  A  scalar  network  with  a  single  hidden  layer  of 
four  nodes  and  a  unit  threshold  element  (Fig.  12a)  is  clearly 
parallel,  yet  its  output  can  be  written  as  the  series 

y  =  aooo(box  -H  co)  -r  ajO|(bix  -i-ci)  -ra202(b2X  -f  C2) 

-i-aaoylbyx  +  C3)  (12 

illustrating  that  parallel  and  serial  processing  may  be  equivalent. 


b)  Double-Inpui/Single-Output  Network. 
Figure  1 2.  Two  Feedforward  Neural  Networks. 


Consider  a  simple  example.  Various  nodal  activation  func¬ 
tions,  Oj,  have  been  used,  and  there  is  no  need  for  each  node  to 
be  identical.  Choosing  Oo(»)  =  (•),  Oi  =  ('l^,  02  =  l*)^,  03  =  f*)^, 
eq.  9  is  represented  by  the  inincated  power  series. 
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y  =  ao(box  +  co)  +  ai(bi.x  +  ci)^  +  a2{b2x  +  C2)^ 

-(■  a3(b3x  +  C3)'*  (13 

and  it  is  clear  that  network  weights  arc  redundant  (i.e.,  that  the 
(a,  b,  c)  weighting  factors  are  not  independent).  Consequently, 
more  than  one  set  of  weights  could  produce  the  same  functional 
relationship  between  x  and  y.  Training  sessions  starting  at  dif¬ 
ferent  points  could  produce  different  sets  of  weights  that  yield 
identical  outputs.  This  simple  example  also  indicates  that  the  un¬ 
structured  feedforward  network  may  not  have  compact  support 
(i.e.,  its  weights  may  have  global  effects)  if  its  basis  functions  do 
not  vanish  for  large  magnitudes  of  their  arguments. 

The  sigmoid  is  commonly  used  as  the  artificial  neuron.  It  is  a 
saturating  function  defined  variously  as  0(1))  =  1/(1  +  e'^l)  for 
output  in  (0,1)  or  0(1))  =  (1  -e'2i))/(l  -i-  e'^O)  =  tanh  1)  for  output 
in  (-1,1).  Recent  results  indicate  that  any  continuous  mapping 
can  be  approximated  arbitrarily  closely  with  sigmoidal  networks 

containing  a  single  hidden  layer  (N  =  2)  [  1 12,  1 131.  Symmetric 

2 

functions  like  the  Gaussian  radial  basis  function  (0(1))  =  e'H  ) 
have  better  convergence  properties  for  many  functions  and  have 
more  compact  support  as  a  con.sequence  of  near-orthogonality 
( 109,  1 14|.  Classical  B-splines  ( 1 15|  could  be  expressed  in  par¬ 
allel  form,  and  it  has  been  suggested  that  they  be  used  in  multi¬ 
layered  networks  (116).  Adding  hidden  layers  strengthens  the 
analogy  to  biological  models,  though  additional  layers  are  not 
necessary  for  approximating  continuous  functions,  and  they 
complicate  the  training  process. 

In  control  application,  neural  networks  perform  functions 
analogous  to  gain  scheduling  or  nonlinear  control.  Consider  the 
simple  two-input  network  of  Fig.  12b.  The  scalar  output  and 
derivative  of  a  single  sigmoid  with  unit  weights  are  shown  in  Fig. 
13.  If  u  is  a  fast  variable  and  v  is  a  slow  variable,  choosing  the 
proper  weights  on  the  inputs  and  threshold  can  produce  a  gain 
schedule  that  is  approximately  linear  in  one  region  and  nonlinear 
(with  an  inflection  point)  in  another.  More  complex  surfaces  can 
be  generated  by  increasing  the  number  of  sigmoids.  If  u  and  v 
are  both  fast  variables,  then  the  sigmoid  can  represent  a  general¬ 
ization  of  their  nonlinear  interaction. 

For  comparison,  a  typical  radial  basis  function  produces  the 
output  shown  in  Fig.  14.  Whereas  the  sigmoid  has  a  preferred 
input  axis  and  simple  curvature,  the  RBF  admits  more  complex 
curvature  of  the  output  surface,  and  its  effect  is  more  localized. 
The  most  efficient  nodal  activation  function  depends  on  the  gen¬ 
eral  shape  of  the  surface  to  be  approximated.  There  may  be  cases 
best  handled  by  a  mix  of  sigmoids  and  RBF  in  the  same  network. 


a)  Sigmoid. 


b)  x-Derivative  of  Sigmoid. 

Figure  13.  Example  of  Sigmoid  Output  with  Two  inputs. 


a)  Radial  Basis  Function  (RBF). 


b)  x-Derivative  of  RBF. 

Figure  14.  Example  of  Radial  Basis  Function  Output 
with  Two  Inputs. 
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The  cerebellar  model  articulation  controller  (CMAC)  is  an  al¬ 
ternate  network  formulation  with  somewhat  different  properties 
but  similar  promise  for  application  in  control  systems  [117,  118). 
The  CMAC  performs  table  look-up  of  a  nonlinear  function  over  a 
particular  region  of  function  space.  CMAC  operation  can  be 
split  into  two  mappings.  The  first  maps  each  input  into  an  asso¬ 
ciation  space  A.  The  mapping  generates  a  selector  vector  a  of 
dimension  ha,  with  c  non-zero  elements  (usually  ones)  from 
overlapping  receptive  regions  for  the  input.  The  second  map¬ 
ping,  H,  goes  from  the  selector  vector  a  to  the  scalar  output  y 
through  the  weight  vector  w,  which  is  derived  from  training: 

y  =  w'l'a  (14 

Training  is  inherently  local,  as  the  extent  of  the  receptive  regions 
is  fixed.  The  CMAC  has  quantized  output,  producing  "stair¬ 
cased"  rather  than  continuous  output.  A  recent  paper  proposes  to 
smooth  the  output  using  B-spline  receptive  regions  [  1 19). 

The  FNN  and  CMAC  are  both  examples  of  static  networks, 
that  is,  their  outputs  are  es.sentially  instantaneous;  given  an  input, 
the  speed  of  output  depends  only  on  the  .speed  of  the  computer. 
Dynamic  networks  rely  on  stable  resonance  of  the  network  about 
an  equilibrium  condition  to  relate  a  fixed  set  of  initial  conditions 
to  a  steady-state  output.  Bidirectional  Associative  Memory 
(BAM)  networks  (120)  are  nonlinear  dynamical  systems  that 
subsume  Hopfield  networks  (121),  Adaptive-Resonance-Theory 
(ART)  networks  (122),  and  Kohonen  networks  (123).  Like  FNN, 
they  use  binary  or  sigmoidal  neurons  and  store  knowledge  in  the 
weights  that  connect  them;  however,  the  "neural  circuits"  take 
time  to  stabilize  on  an  output.  While  dynamic  networks  may  op¬ 
erate  more  like  biological  neurons,  which  have  a  refractory  pe¬ 
riod  between  differing  outputs,  computational  delay  degrades 
aircraft  control  functions. 

Although  neural  networks  performing  function  approxima¬ 
tion  may  gain  little  from  multiple  hidden  layers,  networks  used 
for  classification  typically  require  multiple  layers,  as  follows 
from  the  ability  to  map  decision  trees  to  neural  networks  [111). 
The  principal  values  of  performing  such  a  mapping  are  that  it 
identifies  an  efficient  structure  for  parallel  computation,  and  it 
may  facilitate  incremental  learning  and  generalization. 

Neural  networks  can  be  applied  to  failure  detection  and 
identification  (FDI)  by  mapping  dau  patterns  (or  feature  vec¬ 
tors)  associated  with  failures  onto  detector/identification  vectors 
(e.g.,  (124-126)).  Todetect  failure,  the  output  is  a  scalar,  and  the 
network  is  trained  (for  example)  with  "1"  corresponding  to  fail¬ 
ure  and  "0"  corresponding  to  no  failure.  To  identify  specific 
failures,  the  output  is  a  vector,  with  a  training  value  of  "I"  in  the 
i***  element  corresponding  to  the  i***  failure  mode  and  zeros  else¬ 
where.  For  M  failure  modes,  either  M  neural  networks  with 
scalar  outputs  are  employed  or  a  single  neural  network  with 


Af-vector  output  is  used;  there  are  evident  tradeoffs  related  to  ef¬ 
ficiency,  correlation,  and  so  on.  The  data  patterns  associated 
with  each  failure  may  require  feature  extraction,  pre-processing 
that  transforms  the  input  time  series  into  a  feature  vector.  In 
(124),  this  was  done  by  computing  two  dozen  Fourier  coeffi¬ 
cients  of  the  input  signal  in  a  moving  temporal  window.  As  an 
alternative,  the  feature  vector  could  be  specified  as  a  parity  vec¬ 
tor  1127],  and  the  neural  network  could  be  used  for  the  decision¬ 
making  logic  in  FDI.  When  assessing  the  efficiency  of  neural- 
network  FDI  logic,  feature  extraction  must  be  considered  pan  of 
the  total  process. 

Reflexive  Learning  and  Adaptation 

Training  neural  networks  involves  either  supervised  or  unsu¬ 
pervised  learning.  In  supervised  learning,  the  network  is  fu 
nished  typical  histories  of  inputs  and  outputs,  and  the  training  al¬ 
gorithm  computes  the  weights  that  minimize  fit  error.  FNN  and 
CMAC  require  this  type  of  training.  In  unsupervised  learning, 
the  internal  dynamics  are  self-organizing,  tuning  the  network  to 
home  on  different  cells  of  the  output  semantic  map  in  response  to 
differing  input  patterns  (128).  Dynamic  networks  train  rapidly 
and  are  suitable  for  pattern  matching,  as  in  speech  or  character 
recognition.  The  remaining  discussion  focuses  on  supervised 
learning,  which  is  more  consistent  with  control  functions. 

Backpropagation  learning  algorithms  for  the  elements  of 
typically  involve  a  gradient  search  (e.g.,  1129,  130])  that 
minimizes  the  mean-square  output  error 

2;=[rd-r(N)f[rd-r<N)]  (15 

where  rd  is  the  desired  output.  For  each  input-output  example 
presented  to  the  network,  the  gradient  of  the  error  with  respect  to 
the  weight  matrix  is  calculated,  and  the  weights  are  updated  by 

P  is  the  learning  rate,  and  d  is  a  function  of  the  error  between  de¬ 
sired  and  actual  outputs.  For  the  output  layer,  the  error  term  is 

d(N)  =  s'[W(N-')r(N'')]  (rd  -  r<N))  (17 

where  the  prime  indicates  differentiation  with  respect  to  r.  For 
interior  layers,  the  error  from  the  output  layer  is  propagated  from 
the  output  error  using 

dO‘>  =  S'[WO‘-')rfl'-»]  (18 

Search  rate  can  be  modified  by  adding  momentum  or  conjugate- 
gradient  terms  to  eq.  16. 
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The  CMAC  network  learning  algorithm  is  similar  to  back- 
propagation.  The  weights  and  output  are  connected  by  a  simple 
linear  operation,  so  a  learning  algorithm  is  easy  to  prescribe. 
Each  weight  contributing  to  a  particular  output  value  is  adjusted 
by  a  fraction  of  the  difference  between  the  network  output  and 
the  desired  output.  The  fraction  is  determined  by  the  desired 
learning  speed  and  the  number  of  receptive  regions  contributing 
to  the  output. 

Learning  speed  and  accuracy  for  FNN  can  be  further  im¬ 
proved  using  an  extended  Aa/man  jilter  [  106,  107,  1311.  The  dy¬ 
namic  and  observation  models  for  the  filter  are 


Wk  =  Wk.i -i-qk-i  (19 

Zk  =  h(wk,  rk)  +  nk  (20 


where  Wk  is  a  vector  of  the  matrix  Wk's  elements,  h(*)  is  an  ob¬ 
servation  function,  and  qk  and  iik  are  noise  processes.  If  the  net¬ 
work  has  a  scalar  output,  then  Zk  is  scalar,  and  the  extended  Kal¬ 
man  filter  minimizes  the  fit  error  between  the  training  hypersur¬ 
face  and  that  produced  by  the  network  (eq.  15).  It  has  been 
found  that  the  fit  error  can  be  dramatically  reduced  by  consider¬ 
ing  the  gradients  of  the  surfaces  as  well  [106,  107 1.  The  obser¬ 
vation  vector  becomes 


■  h(Wk.nc) ' 

^Wk.rk) 


+  nk 


(21 


with  concomitant  increase  in  the  complexity  of  the  filter.  The 
relative  significance  given  to  function  and  derivative  error  during 
training  can  be  adjusted  through  the  measurement-error  covari¬ 
ance  matrix  used  in  filter  design. 

Recursive  estimation  of  the  weights  is  useful  when  smooth 
relationships  between  fit  errors  and  the  weights  are  expected, 
when  the  weight-vector  dimension  is  not  high,  and  when  local 
minima  are  global.  When  one  of  these  is  not  true,  it  may  speed 
the  computation  of  weights  to  use  a  random  search,  at  least  until 
convergent  regions  are  identified.  Such  methods  as  simulated 
annealing  or  genetic  algorithms  can  be  considered  (and  the  latter 
has  philosophic  appeal  for  intelligent  systems)  (132-134).  The 
first  of  these  is  motivated  by  statistical  mechanics  and  the  effects 
that  repeated  heating  and  cooling  have  on  the  ground  states  of 
atoms  (which  are  analogous  to  the  network  weights).  The  second 
models  the  reproduction,  crossover,  and  mutation  of  biological 
strings  (e.g.,  chromosomes,  again  analogous  to  the  weights),  in 
which  only  the  fittest  combinations  survive. 

Statistical  methods  can  go  hand-in-hand  with  SRA  to  train 
robust  neural  networks.  Following  (98),  the  random  search 
could  be  combined  with  Monte  Carlo  variation  of  system  param¬ 
eters  during  training,  numerically  minimizing  the  expected  value 
qf fit  error  rather  than  a  deterministic  fit  error. 


Problems  that  may  be  encountered  in  neural  network  training 
include  proper  choice  of  the  input  vector,  local  vs.  global  train¬ 
ing,  speed  of  learning  and  forgetting,  generalization  over  un¬ 
trained  regions,  and  trajectory-dependent  correlations  in  the  train¬ 
ing  sets.  We  envision  an  aerodynamic  model  that  spans  the  en¬ 
tire  flight  envelope  of  an  aircraft,  including  post-stall  and  spin¬ 
ning  regions.  The  model  contains  six  neural  networks  with  mul¬ 
tiple  inputs  and  scalar  outputs,  three  for  force  coefficients  and 
three  for  moment  coefficients  (for  example,  the  pitch  moment 
network  takes  the  form  Cm  =  g(*,u),  where  x  represents  the  state 
and  u  the  control).  If  input  variables  are  not  restricted  to  those 
having  plausible  aerodynamic  effect,  false  correlations  may  be 
created  in  the  network;  hence,  attitude  Euler  angles  and  horizon¬ 
tal  position  should  be  neglected,  while  physically  meaningful 
terms  like  elevator  deflection,  angle  of  attack,  pitch  rate,  Mach 
number,  and  dynamic  pressure  should  be  included  [  107). 

The  aircraft  spends  most  of  its  flying  time  within  normal  mis¬ 
sion  envelopes.  Unless  it  is  a  trainer,  the  aircraft  does  not  enter 
|>ost-stall  and  spinning  regions;  consequently,  on-line  network 
training  focuses  on  normal  flight  and  neglects  extreme  condi¬ 
tions.  This  implies  not  only  that  networks  must  be  pre-trained  in 
the  latter  regions  but  that  normal  training  must  not  destroy  know¬ 
ledge  in  extreme  regions  while  improving  knowledge  in  normal 
regions.  Therefore,  radial  basis  functions  appear  to  be  a  better 
choice  than  sigmoid  activation  functions  for  adaptive  networks. 

Elements  of  the  input  vector  may  be  strongly  correlated  with 
each  other  through  the  aircraft's  equations  of  motion;  iience,  net¬ 
works  may  not  be  able  to  distinguish  between  highly  correlated 
variables  (e.g.,  pitch  rate  and  normal  acceleration).  This  is  prob¬ 
lematical  only  when  the  aircraft  is  outside  its  normal  envelope. 
Pre-training  should  provide  inputs  that  are  rich  in  frequency  con¬ 
tent,  that  span  the  state  and  control  spaces,  and  that  are  as  uncor¬ 
related  as  possible.  Generalization  between  training  points  may 
provide  smoothness,  but  it  does  not  guarantee  accuracy. 

Control  Systems  Based  on  Neural  Networks 

Neural  networks  can  find  application  in  logic  for  control,  es¬ 
timation,  system  identification,  and  physical  modeling.  In  addi¬ 
tion  to  work  already  referenced,  additional  examples  can  be 
found  in  (1 35- 1 40). 

Figure  ISa  illustrates  an  application  in  which  the  neural  net¬ 
work  forms  the  aircraft  model  for  a  nonlinear-inverse  control 
law.  The  aircraft  nnodel  of  Fig.  1 1  is  implemented  with  a  neural 
network  that  is  trained  by  a  dedicated  (weight)  extended  Kalman 
filter  (the  thick  gray  arrow  indicating  training).  The  extended 
Kalman  filter  for  state  estimation  is  expanded  to  estimate  histo¬ 
ries  of  forces  and  moments  as  well  as  the  usual  motion  variables. 

It  is  possible  to  conduct  supervised  learning  on-line  without 
interfering  with  normal  operation  because  the  state  Kalman  filter 
produces  both  the  necessary  inputs  and  the  desired  outputs  for  the 
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the  network  training  algorithm.  There  is  no  need  to  provide  an 
ideal  control  response  for  training,  as  the  form  of  the  control  law 
is  fixed.  Procedural  and  reflexive  functions  are  combined  in  this 
control  implementation,  under  the  assumption  that  the  direct  ex¬ 
pression  of  inversion  is  the  most  efficient  approach. 

Figure  15b  shows  a  logical  extension  in  which  the  inverse 
control  law  is  implemented  by  neural  networks.  Inversion  is  an 
implicit  goal  of  neural-network  controllers  [135,  136],  and  the 
formal  existence  of  inversion  networks  has  been  explored  {141]. 
Although  Fig.  15b  implies  that  the  inversion  networks  are  pre¬ 
trained  and  fixed,  they,  too,  can  be  trained  with  the  explicit  help 
of  the  network  that  models  the  system  [  136].  Here  it  is  assumed 
that  the  control  networks  have  been  pre- trained,  as  no  desired 
output  has  been  specified. 

If  a  desired  control  output  is  specified  (Fig.  15c),  then  the 
formal  model  of  the  aircraft  is  no  longer  needed.  The  control 
networks  learn  implicit  knowledge  of  the  aircraft  model.  Re¬ 
ferring  to  Fig.  10  and  eq.  1  and  2,  control  and  estimation  gains, 
state-transition  and  control-effect  matrices,  and  measurement 
transformations  can  be  implemented  as  static  neural  networks 
w'fh  either  off-line  or  on-line  learning. 

It  can  be  useful  to  divide  control  networks  into  separate  feed¬ 
back  and  forward  parts,  as  this  may  facilitate  training  to  achieve 
design  goals.  A  feedback  neural  network  has  strongest  effect  on 
homogeneous  modes  of  motion,  while  a  forward  neural  network 
is  most  effective  for  .shaping  command  (forced)  response.  This 
structure  is  adopted  in  |139|,  where  the  forward  and  feedback 
networks  are  identified  as  reason  and  instinct  networks.  In  pre- 
training,  it  is  plausible  that  the  feedback  network  would  be 
trained  with  initial  condition  responses  first,  to  obtain  satisfac¬ 
tory  transient  response.  The  forward  network  would  be  trained 
next  to  achieve  desired  steady  states  and  input  decoupling.  A 
third  training  step  could  be  the  addition  of  command-error  inte¬ 
grals  while  focusing  on  disturbance  inputs  and  parameter  varia¬ 
tions  in  training  sets. 

Once  baselines  have  been  achieved,  it  could  prove  useful  to 
admit  limited  coupling  between  forward  and  feedback  networks 
to  enable  additional  nonlinear  compensation.  In  adaptive  appli¬ 
cations,  networks  would  be  pre-trained  with  the  best  available 
models  and  scenarios  to  establish  satisfactory  baselines;  on-line 
training  would  slowly  adjust  individual  systems  to  vehicle  and 
mission  characteristics. 

Including  the  integral  of  command-vector  error  as  a  neural 
network  input  produces  a  proportional-integral  structure  (140), 
while  placing  the  integrator  beyond  the  network  gives  a  propor¬ 
tional-filter  structure  (Fig.  10).  The  principal  purpose  of  these 
structures  is,  as  before,  to  assure  good  low-  and  high-frequency 
performance  in  a  classical  sense.  Extension  of  neural  networks 
to  state  and  weight  filters  is  a  logical  next  step  that  is  interesting 


in  its  own  right  as  a  means  of  more  nearly  optimal  nonlinear  es¬ 
timation. 


a)  Neural  Network  for  Modeling  and  Adaptation. 


b)  Neural  Networks  for  Modeling,  Adaptation,  and  Control. 


c)  Neural  Networks  for  Control  Alone. 


Figure  15.  Adaptive  Control  Structures  Using  Neural  Networks. 

CONCLUSION 

Intelligent  flight  control  systems  can  do  much  to  improve  the 
operating  characteristics  of  aircraft.  An  examination  of  cognitive 
and  biological  models  for  human  control  of  systems  suggest  that 
there  is  a  declarative,  procedural,  and  reflexive  hierarchy  of  func¬ 
tions.  Top-level  aircraft  control  functions  are  analogous  to  con¬ 
scious  and  preconscious  thoughts  that  are  transmitted  to  lower- 
level  subsystems  through  subconscious,  neural,  and  reflex-like 


17-20 


activities.  Human  cognition  and  biology  also  suggest  models 
for  learning  and  adaptation,  not  only  during  operation  but  be¬ 
tween  periods  of  activity. 

The  computational  analogs  of  the  three  cognitive/biological 
paradigms  are  expen  systems,  stochastic  controllers,  and  neural 
networks.  Expert  systems  organize  decision-making  efficiently, 
stochastic  controllers  optimize  estimation  and  control,  and  neural 
networks  provide  rapid,  nonlinear,  input-output  functions.  It  ap¬ 
pears  that  many  functions  at  all  levels  could  be  implemented  as 
neural  networks.  While  this  may  not  always  be  necessary  or  even 
desirable  using  sequential  processors,  mapping  declarative  and 
procedural  functions  as  neural  networks  may  prove  most  useful 
as  a  route  to  new  algorithms  for  the  massively  parallel  processors 
of  the  future. 
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ABSTRACT 

Relaxed  static  stability  (RSS)  was 
chosen  as  one  of  the  primary 
technologies  to  be  flight 
demonstrated  on  the  forward  swept 
wing  X-29  aircraft.  Development 
experiences  and  performance  benefits 
of  this  technology  in  the  high  angle- 
of-attack  (AOA)  regime  of  flight  are 
described.  Flight  test  results 
validate  the  X-29's  wind  tunnel 
database  and  the  updated  piloted 
simulation  is  used  for  parameter 
variations  to  thoroughly  explore  the 
potential  performance  of  an  aircraft 
with  high  levels  of  static 
instability. 

INTRODUCTION 

The  X-29  integrates  several  different 
technologies  into  one  airframe  as 
depicted  in  Figure  1.  The 
aeroelastically  tailored  composite 
wing  covers  cause  the  forward  swept 
wing  to  twist  as  it  deflects, 
successfully  delaying  wing 
divergence.  The  thin  supercritical 
airfoil,  coupled  with  the  discrete 
variable  camber  produced  by  the 
double-hinged  full  span  flaperons, 
provide  optimum  wing  performance  at 
all  flight  conditions.  The  aircraft 
was  designed  to  be  35  percent 
statically  unstable  by  adding  a 
close-coupled,  variable  incidence 
canard,  without  which  the  wing-body 
combination  would  be  near-neutral ly 
stable.  The  canard,  which  has  an 
area  about  20  percent  of  the  wing 
area,  produces  lift  and  its  downwash 
delays  flow  separation  at  the  wing 
root.  The  three-surface  pitch 
control — the  canard,  flaperon,  and 
strake  flap — is  used  by  the  digital 
fly-by-wire  flight  control  system  to 
control  an  otherwise  unflyable 
unstable  vehicle.  The  success  of  the 
X-29  really  rests  with  the 
integration  of  these  technologies 
into  a  single  synergistic 
configuration  built  for  drag 
reduction  in  turning  flight. 

Two  X-29  aircraft  were  designed  and 
built.  The  first  entered  flight 
testing  In  December  1984  and 
concluded  in  December  1988, 
completing  242  flights  and  over  200 
flight  hours.  A  primary  objective  of 
Ship  #1  testing  was  to  validate, 
evaluate,  and  quantify  the  benefits 
of  RSS  at  subsonic  and  supersonic 
speeds  below  20  degrees  AOA. 


Ship  #2,  which  was  modified  to  allow 
high  AOA  testing,  began  flying  in  May 
1989.  Its  spin  chute  was  designed  to 
assist  the  pilot  in  regaining  control 
in  the  event  of  a  departure  from 
controlled  flight.  Control  surface 
tutorial  lights  mounted  in  the 
cockpit  assist  in  this  task.  The 
flight  control  system  software  was 
significantly  modified  in  order  to 
best  utilize  the  various  surfaces  in 
controlling  this  highly  unstable 
aircraft  in  a  post-stall  environment. 
One  g  envelope  expansion  was 
completed  to  67  degrees  AOA  and  ten 
degrees  sideslip.  Accelerated  entry 
high  AOA  expansion  allowed  all-axis 
maneuvering  to  45  degrees.  The 
inherent  high-lift  capability  of  this 
unstable  configuration  resulted  in 
coordinated  rolls  to  instantaneous 
rates  of  70  degrees  per  second  under 
approximately  2  g  conditions  at  30 
degrees  AOA.  The  military  utility  of 
this  vehicle  is  in  a  class  by  itself. 

AIRCRAFT  AND  FLIGHT  CONTROL  SYSTEM 
DESCRIPTION 

Two  essentially  identical  X-29s  were 
designed  and  built  by  Grumman 
Aerospace  Corporation,  Bethpage,  New 
York.  To  reduce  overall  program 
costs,  the  Air  Force  supplied  several 
major  components  of  the  aircraft  to 
Grumman.  These  included  the  F-5A 
forebody  and  nosegear;  F-16  main 
gear,  actuators,  airframe-mounted 
accessory  drive  and  emergency  power 
unit;  F-18  F404  engine;  SR-71  HDP5301 
flight  control  computers;  and  F-14 
accelerometers  and  rate  gyros.  Use 
of  these  time-proven  components  also 
increased  the  reliability  of  the 
flight  vehicle. 

The  X-29  flight  control  system  (FCS) 
is  a  triplex  digital  fly-by-wire 
system  with  triplex  analog  backup  (as 
shown  in  Figure  2) .  The  fail- 
op/fail-safe  system  used  MIL-F-8785C 
and  MIL-F-9490D  specifications  as 
design  guides.  Flying  quality  design 
goals  were  Level  I  for  the  primary 
digital  mode  and  Level  II  for  the 
analog  back-up  mode. 

Normal  aircraft  operation  is 
accomplished  through  the  normal 
digital  (ND)  mode  with  its  associated 
functional  options  such  as  automatic 
camber  control  (ACC) ,  manual  camber 
control  (MCC) ,  speed  stability, 
precision  approach  control,  and 
direct  electrical  link.  ND  also 
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contains  options  in  its  gain  tables 
for  power  approach,  up-and-away,  and 
degraded  operation. 

The  normal  digital  mode  has  a  pitch 
rate  control  law  with  gravity  vector 
compensation,  driving  a  discrete  ACC 
system.  This  mode  is  gain-scheduled 
as  a  function  of  Mach  number  and 
altitude  and  incorporates  a 
sophisticated  redundancy  management 
system  allowing  fail-op/fail-safe 
flight.  MCC  is  a  pilot-selected, 
fixed  flaperon  sub-mode  of  ND 
normally  used  for  landing. 

The  analog  reversion  (AR)  mode  is  the 
back-up  flight  control  system, 
designed  to  bring  the  aircraft  safely 
back  to  base.  The  AR  mode  provides  a 
highly  reliable,  dissimilar  control 
mode  to  protect  against  generic 
digital  control  failures.  It 
incorporates  functions  similar  to 
those  of  the  ND  mode.  AR  contains  no 
longitudinal  trim  capability  or  pitch 
loop  gain  compensation  with  dynamic 
pressure  while  the  aircraft  is  on  the 
ground.  In  all  other  aspects,  it 
performs  like  the  ND  control  system. 

The  Ship  #2  flight  control  laws  were 
modified  to  permit  all-axis 
maneuvering  to  40  degrees  AOA,  and 
pitch-only  maneuvering  to  as  high  as 
70  degrees  AOA.  Below  10  degrees, 
the  control  laws  are  identical  to 
those  last  flown  on  Ship  #1.  Between 
10  and  20  degrees,  the  high  AOA 
modifications  are  faded  in  until 
above  20  degrees  they  are  fully 
functional . 

The  high  AOA  changes  are  fairly 
simple.  A  spin  prevention  logic  is 
active  above  50  degrees  or  below 
minus  25  degrees  AOA  with  increasing 
yaw  rate.  The  logic  increases  the 
authority  of  both  the  rudder  pedals 
and  lateral  stick  and  disconnects  all 
other  lateral/directional  feedbacks. 
Besides  the  spin  prevention  logic,  an 
aileron-to-rudder  interconnect 
provides  for  better  roll  coordination 
at  high  AOA.  Also  assisting  in  roll 
coordination  is  a  rate-of-sideslip 
feedback  to  the  rudder.  Since 
substantial  wing  rock  was  predicted 
for  the  X-29  above  30  degrees  angle- 
of-attack,  a  high  gain  roll  rate-to- 
a Heron  feedback  loop  has  been  added 
to  compensate  for  the  unstable 
rolling  moment  coefficient  due  to 
roll  rate.  For  a  more  detailed 
description  of  the  control  system, 
see  Reference  1. 

RELAXED  STATIC  STABILITY  (RSS) 

Longitudinal  static  instability  has 
long  been  recognized  as  having  the 
potential  for  improving  the  overall 
performance  of  a  high  performance 
fighter  aircraft.  Subsonlcally,  RSS 
allows  for  improved  agility  through 
rapid  "g"  onset  and  nose  pointing. 
Care  must  be  taken  in  the  design  of 
the  FCS  to  provide  enough  control 
power  to  arrest  any  motions  initiated 


by  the  pilot  and  overcome  the 
inertial  coupling  of  the  aircraft,  or 
in  other  words,  design  robustness. 
Trim  drag  in  the  supersonic  regime  is 
decreased  through  reduced  control 
surface  deflection  requirements. 
Further,  in  the  case  of  a  canarded 
vehicle  such  as  the  X-29,  the 
aircraft  requires  positive  lift  to 
trim  at  high  speed.  This  in  turn  can 
improve  the  overall  supersonic  drag 
polar. 

Since  static  stability  in  pitch 
increases  with  both  Mach  number  and 
angle-of-attack,  it  is  easy  to  see 
the  juggling  act  which  a  designer 
faces  when  designing  an  aircraft 
suitable  for  air  superiority  as  well 
as  high  speed  penetration.  The 
supersonic  regime  requires  moderate 
to  neutral  static  stability  for  best 
performance. 

Figure  3  clearly  shows  that  to 
maintain  a  reasonable  level  of 
longitudinal  stability  (positive  two 
percent)  during  supersonic  flight, 
the  low  speed  range  inherits  a  high 
level  of  static  instability  (negative 
35  percent) . 

It  is  projected  that  the  air 
superiority  role  of  future  high 
performance  fighters  will  encompass 
all  areas  of  the  flight  envelope 
including  low  speed,  very  high  AOA. 

It  is  in  this  region  that  RSS 
produces  the  most  serious  demands  on 
the  aircraft  flight  control  system. 
Not  only  does  the  FCS  need  to  offset 
the  severe  instability,  but  it  must 
also  have  enough  robustness  to  allow 
the  pilot  to  demand  changes  in  flight 
path  or  orientation  as  required  in 
combat. 

Figure  4  depicts  the  longitudinal 
control  power  typical  of  a  fighter 
operating  at  low  speed,  high  angle- 
of-attack.  The  respective  inflection 
points  for  pitch  authority  occur 
nominally  above  30  degrees  AOA  for 
all  current  fighters.  The  critical 
value  of  nose  down  pitch  authority 
(Cm*)  is  a  function  of  flight 
condition,  airframe  parameters,  and 
the  tendency  of  the  aircraft  to 
inertially  couple  in  pitch. 

Because  an  aircraft  operating  at  high 
angle-of-attack  can  suffer  a  large 
sink  rate,  a  small  value  of  Cm*  may 
not  be  sufficient  for  a  timely 
recovery  to  low  AOA  flight.  In  the 
event  that  maximum  nose-down  pitching 
moment  actually  becomes  positive, 
significant  problems  with  departure 
from  controlled  flight  and/or  deep 
stall  occur.  Throughout  the  design 
process,  particular  attention  is 
focused  on  avoiding  pitch  control 
deficiencies.  Wind  tunnel  data  is 
used  to  predict  pitch  requirements  of 
the  flight  control  system,  but  often 
this  data  is  inadequate  in  the 
predictive  process.  FCS  robustness 
is  the  most  satisfactory  answer  to 
provide  adequate  margins  for  error  in 
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control  power,  surface  rates,  and 
bandwidths. 

EVOLUTION  <■  f  RSS  FOR  THE  X-29 

The  primary  lesign  point  for  the  X-29 
was  the  transonic  region  of  flight. 
This  low  AOA  condition  was  used  to 
identify  the  desired  level  of  relaxed 
static  stability.  Figure  5  depicts 
transonic  wind  tunnel  results  from  a 
test  dedicated  to  explore  RSS  on  this 
close-coupled  canard  plus  forward 
swept  wing  configuration.  These 
results  suggested  an  optimum  location 
for  the  aircraft  center  of  gravity  of 
negative  45  percent  of  the  mean 
aerodynamic  chord  of  the  wing.  A 
margin  of  safety  was  added  and  the 
FCS  designers  were  faced  with 
stabilizing  a  35  percent  unstable 
vehicle.  And,  as  they  say,  the  rest 
is  history! 

The  longitudinal  high  AOA  control 
laws  (architecture  shown  in  Figure  6) 
were  based  on  wind  tunnel  data  that 
predicted  the  X-29's  longitudinal 
stability  and  control  characteristic 
trends  would  be  as  shown  in  Figure  7 
(as  reproduced  from  Reference  2) . 

The  "neutral  controls"  curve  implies 
that  the  basic  X-29  airframe  is 
unflyable  without  stability 
augmentation.  The  large,  all-movable 
canards  and  the  strake  flaps  provide 
powerful  pitching  moments  throughout 
the  flight  envelope.  The  inherent 
static  instability  is  helpful  in 
initiating  a  rapid  pitch  maneuver, 
and  the  large  pitch  authority  allows 
easy  capture  of  a  pitch  attitude  to 
end  the  maneuver  and  re-establish 
aircraft  trim. 

Free-f light  wind  tunnel  tests 
provided  information  on  the  dynamics 
of  the  X-29.  A  simplified  control 
law  was  employed  (Reference  2)  which 
used  both  angle-of-attack  and  pitch- 
rate  feedback  to  the  canard.  The 
test  model  showed  good  stability  and 
controllability  over  a  13  to  40 
degree  angle-of-attack  range.  The 
level  of  pitch  stability  augmentation 
was  varied  during  the  test  in  order 
to  bound  the  region  of  predicted  good 
flying  qualities  for  the  X-29. 

FLIGHT  TEST  RESULTS 

Stability  and  Control 

The  actual  nose-up  pitching 
capability  of  the  X-29  proved  to  be 
superior  to  predictions.  Because  the 
FCS  specifically  used  the  canard  in  a 
light  to  moderate  lifting  position  to 
maintain  maximum  nose-down  margin, 
nothing  was  learned  about  the  maximum 
nose-up  capability  of  the  aircraft. 
The  1  g  pitch-ups  to  very  high 
angles-of-attack  did  provide  data  on 
the  total  pitching  moment 
coefficient,  and  this  data  showed 
clearly  that  the  aircraft  exhibited 
more  nose-up  pitching  moment  at  a 
given  AOA  and  canard  position  than 
was  predicted. 


The  nose-down  pitching  moment  flight 
data  is  shown  in  Figure  8.  As  with 
the  pitch-up  data,  there  is  a  general 
shift  in  the  curves  towards  more 
positive  Cm's.  The  model  used  for 
predictions  was  based  on  high 
Reynolds  number  wind  tunnel  data, 
about  1.3  million  per  chord.  Flight 
Reynolds  number  ranged  from  about  13 
million  at  200  KEAS  to  5  million  at  1 
g  flight  conditions.  The  flight  data 
was  actually  better  predicted  if 
lower  Reynolds  number  data  was  used. 
Presumably,  this  peculiarity  resulted 
from  particular  tunnel  or  model 
anomalies  and  has,  as  yet,  not  been 
pursued.  The  pitch-down  flight  data 
clearly  shows  that  the  "trouble  zone" 
for  Cm*  as  described  in  Figure  4 
occurred  for  the  X-29 .  The  nose-down 
pitching  moment  was  less  than  half  of 
predicted  at  AOA  above  50  degrees  at 
aft  c.g. 

Following  the  guidelines  of  Nguyen 
and  Foster  (Reference  3),  Figure  9 
shows  that  the  X-29's  Cm*  is  less 
than  desirable  at  very  high  angles- 
of-attack  while  operating  at  aft 
center  of  gravity.  For  this  reason, 
highest  AOA  test  points  were  acquired 
early  in  a  given  flight,  since  the 
aircraft  center  of  gravity  moves  aft 
as  fuel  is  consumed.  It  must  be 
emphasized  here  that  no  loss  of 
control  was  encountered  in  flight. 

It  was  simply  deemed  wise  not  to 
tempt  fate  by  operating  at  extreme 
AOA  under  heavy  weight  conditions. 

During  maneuvering  flight,  velocity 
vector  rolls  produced  inertial 
coupling  in  the  pitch  axis.  Cm*  then 
had  to  be  treated  as  the  minimum 
nose-down  pitching  moment  required  to 
overcome  all  pitch-up  moments.  With 
the  inertial  coupling  terms  being  in 
the  nose-up  direction  for  the  x-29, 
further  restrictions  were  needed  for 
a  safe  pitch  recovery.  Figure  10 
provides  data  for  coordinated 
stability  axis  rolls,  assuming  the 
roll  and  yaw  rates  as  required  for 
coordination.  Figure  11  adds 
increased  yaw  rates  as  produced  in  an 
uncoordinated  roll.  Note  that  for  a 
coordinated  roll  of  20  degrees  per 
second,  the  X-29  had  enough  pitch- 
down  power  to  overcome  the  nose-up 
coupling  at  centers  of  gravity  ahead 
of  about  452  inches.  For  additional 
yaw  rate  in  an  uncoordinated  20 
degree  per  second  roll,  the  combined 
coupling  produces  a  Cm*  requirement 
greater  than  available  at  a  center  of 
gravity  of  only  450  Inches.  From  a 
different  perspective,  a  coordinated 
20  degree  ner  second  roll  required  a 
nose-down  moment  coefficient  of 
-0.05;  a  slmular  uncoordinated  roll 
more  than  doubled  the  requirement 
to  -1.3. 

From  a  longitudinal  stability  and 
control  viewpoint,  the  X-29  exhibited 
excellent  maneuvering  characteristics 
below  50  degrees  AOA,  using  a  simple 
pitch  rate  command  FCS.  The  wind 
tunnel  predictions  adequately 
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predicted  trends  in  stability  and 
control  parameters,  but  were 
unsuccessful  in  predicting  accurate 
Cm*  values.  The  aircraft  was 
operated  safely  several  times  to 
about  55  degrees  in  1  g  flight,  and 
once  to  67  degrees.  However,  it  was 
deemed  prudent  to  limit  maneuvering 
to  AOA  below  50  degrees. 

Aero  Performance 

What  does  RSS  do  to  the  lift  and  drag 
of  the  aircraft?  To  answer  this 
question,  a  member  of  the  test  team, 
Joe  Krumenacker  of  Grumman,  "flew” 
the  X-29  on  the  flight  validated 
simulator  at  various  levels  of 
instability.  The  simulator  model 
uses  a  simplified  thrust  and  ram  drag 
model  based  on  specific  General 
Electric  F404-400  data  as  a  function 
of  flight  condition  and  power 
setting.  Figures  12-15  show  the 
simulator  results  for  the  three 
chosen  levels  of  instability.  The 
curves  represent  trimmed  conditions 
at  0.4  Mach  and  30,000  feet,  with 
fixed  center  gravity.  The  aircraft 
was  actually  flown  in  the  range  of 
-23  to  -36  percent  static  margin. 

Figure  12  shows  the  canard  schedule 
which  results  from  changing  the  level 
of  RSS.  The  curves  for  -15  and  -35 
percent  static  margin  clearly  show 
that  with  the  chosen  mechanization  of 
the  three-surface  pitch  control,  the 
canard  is  always  a  lifting  surface. 
But,  in  the  extreme  case  of  -45 
percent  margin,  the  canard  stops 
lifting  at  about  22  degrees  AOA 
because  both  the  flaperon  and  strake 
flap  have  saturated.  The  canard  must 
then  produce  a  nose-down  moment  to 
assure  the  trim  of  the  aircraft. 

The  drag  coefficients  are  shown  in 
Figure  13.  The  lowest  drag  at  this 
low  Mach  number  condition  results 
from  the  lowest  level  of  RSS.  The 
trim  drag  increases  with  decreasing 
RSS  (Figure  5) .  However,  at  -15 
percent  RSS,  neither  the  strake  nor 
the  flap  on  the  X-29  produces  much 
lift;  therefore,  its  overall  drag  is 
low.  At  an  RSS  of  -35  percent,  both 
surfaces  saturate  trailing  edge  down 
by  an  AOA  of  25  degrees  in  order  to 
balance  the  aircraft.  Induced  drag 
reaches  a  maximum.  For  an  RSS  of  -45 
percent,  the  canard  stops  lifting  and 
induced  drag  begins  to  fall  off. 

The  lift  curve.  Figure  14,  shows 
quite  clearly  that  the  optimum 
configuration  for  this  aircraft  Is 
with  an  RSS  of  -35  percent.  Maximum 
lift  coefficient  occurs  about  40 
degrees  AOA. 

The  drag  polar  shown  in  Figure  15  for 
the  negative  35  percent  static  margin 
is  excellent  In  both  shape  and 
magnitude.  Both  the  flight  control 
laws  and  the  FCS  mechanization  were 
successful  In  providing  this  aero 
performance  for  the  X-29. 


Can  we  improve  the  X-29?  Two  other 
members  of  the  test  team,  Paul 
Pellicano  of  Grumman  and  Bill  Gillard 
of  Wright  Laboratory,  ran  a  parameter 
variation  study  on  the  simulator  to 
gain  insight  on  the  significance  of 
the  ACC  schedule  in  determining  the 
aero  performance  of  the  X-29.  The 
study  was  done  for  the  most  forward 
center  of  gravity  flown,  445  inches. 
This  location  translates  to  a 
negative  static  margin  of  23  percent. 
With  the  ACC  scheduled  as  it  was, 
none  of  the  three  longitudinal 
control  surfaces  was  heavily  loaded. 
To  increase  the  aero  performance,  the 
flaperon  was  set  to  its  maximum 
lifting  position,  20  degrees  trailing 
edge  down.  The  strake  was  then  fixed 
at  three  positions,  zero  degrees  and 
30  degrees  up  and  down.  Figure  16 
provides  the  resulting  trimmed  canard 
positions.  It  is  intuitively  obviou 
that  to  force  more  lift  from  the  flap 
and  strake,  the  canard  must  lift  more 
to  keep  the  aircraft  balanced,  and  so 
the  canard  schedule  is  shifted 
trailing  edge  down. 

Figure  17  shows  the  significant  drag 
polar  improvement  achieved  by  forcing 
all  control  surfaces  to  be  more 
heavily  loaded  at  this  forward  center 
of  gravity  condition.  The  resulting 
turn  rate  capability  of  the  aircraft 
is  significantly  enhanced. 

CONCLUDING  REMARKS 

The  X-29  has  successfully 
demonstrated  that  a  very  large 
negative  static  margin  can  be  safely 
flown  on  a  fighter  aircraft  and 
provide  the  benefits  predicted  from 
ground  test  results.  The  total 
pitch-up  p.rformance  exceeded 
expectations  up  to  the  1  g,  67  degree 
AOA  condition  that  was  flown. 

However,  this  "natural  ability"  of 
the  aircraft  to  increase  its  pitch 
attitude  created  some  concern  above 
50  degrees  AOA  in  generating  enough 
nose-down  moment  to  recover  to  low 
angle-of -attack.  This  forced  an  aft 
center  of  gravity  prohibition  on  the 
aircraft  above  50  degrees  AOA  beyond 
fuselage  station  450  inches  (-29 
percent  static  margin) .  With  "only" 
29  percent  RSS,  the  X-29  was  able  to 
perform  coordinated  velocity  vector 
rolls  at  50  degrees  AOA  of  20  degrees 
per  second. 

Performance  studies  were  done  on  the 
flight  validated  X-29  simulator  using 
both  control  surface  scheduling  and 
level  of  RSo  as  variables.  The 
results  showed  that  a  negative  static 
margin  of  about  35  percent  was  near 
optimum.  However,  the  ACC  canard 
schedule  was  designed  at  a  fixed  RSS 
(-30  percent) .  A  more  efficient 
scheduling  of  the  control  surfaces 
would  have  included  adjusting  the 
surface  positions  as  a  function  of 
RSS. 
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FIGURE  6.  X-29  HIGH  AOA  LONGITUDINAL 
CONTROL  LAW  DIAGRAM 
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FIGURE  7.  X-29  LONGITUDINAL  STABILITY  CHARACTERISTICS 


FULL  NOSE-DOWN  C. 


lK-4 


POWER  OFF 

CANARD  s  -15  DEG  SYM  FLAP  =  21.5  DEG  STRAKE  =  30  DEG 


ANGLE  OF  ATTACK  (DEG) 

FIGURE  8.  X-29  NOSE-DOWN  PITCHING  MOMENT  CAPABILITY 
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FIGURE  10.  INERTIAL  COUPLING  DURING  COORDINATED 
VELOCITY  VECTOR  ROLLS 
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FIGURE  11.  INERTIAL  COUPLING  DURING  UNCOORDINATED 
VELOCITY  VECTOR  ROLLS 
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FIGURE  12.  EFFECT  OF  RSS  ON  X-29 
CANARD  SCHEDULE 
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FIGURE  13.  EFFECT  OF  RSS  ON  X-29  DRAG 
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^GURE  14.  EFFECT  OF  RSS  ON  X-29  LIFT  CURVE 
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FIGURE  15.  EFFECT  OF  RSS  ON  X-29  DRAG  POLAR 
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Discussion 

SESSION  III  -  QUESTIONS  &  ANSWERS  (PAPERS  13,  15,  16,  17,  18) 


PAPER  13:  J  E  JENKINS 

Question: 

Can  you  briefly  explain  what  you  meant  by  the  bad 
effect  of  using  higher-order  derivatives  being  to 
introduce  extraneous  roots? 

Answer: 

The  stability  derivative  approach  can  be  shown  to  be 
equivalent  to  the  first  representing  the  aerodynamic 
reactions  by  indicial  responses  and  summing  these 
through  the  superposition  (convolution)  integral.  Second, 
the  superposition  integral  is  approximated  by  an 
asymptotic  expansion  (valid  for  sufficiently  slow 
motions).  The  terms  of  the  expansion  have  a  one-to-one 
correlation  with  terms  of  the  Taylor  series  expansion  of 
the  aerodynamic  forces  with  respect  to  the  motion 
variables  (stability  derivatives).  Thus,  when  this 
representation  is  put  into  the  equations  of  motion,  the 
effect  is  to  change  the  characteristic  equation  for  the 
system  from  a  transcendental  equation  to  a  polynomial. 
Increasing  the  number  of  terms  retained  in  the  expansion 
increases  the  polynomial  degree  and  thus  the  number  of 
roots.  Therefore,  extraneous  roots  (not  belonging  to  the 
transcendental  equation)  can  be  introduced.  Some  of 
these  will  be  in  the  right-half  plane  and  the  solution  will 
"blow-up". 

PAPER  15:  C  H  HOUPIS 

Question: 

How  do  you  choose  W.  the  squaring  down  matrix? 
Answer: 

By  an  understanding  of  the  physical  nature  of  the  plant 
to  be  controlled.  Currently  positive  and/or  negative  or 
zero  values  are  used  for  the  elements  of  W  -  a  "trial  and 
error"  approach.  Research  needs  to  be  done  on 
developing  an  "optimum"  technique  for  choosing  these 
elements. 

Question: 

How  do  you  generate  the  bonds  on  Yii/6ii  for  MIMQ 
systems? 

Answer 


Tracking  and  disturbance  bands  are  obtained  for  each 
component,  based  on  the  specifications  (see  References  8 
&  10). 

Question: 

How  complex  are  the  compensations  G  and  F?  Do  they 
cancel  the  non-minimum  phase  poles  in  P? 

Answer: 

The  order  of  the  compensations  are  very  reasonable  when 
the  nominal  plant  is  the  starting  point  for  synthesizing 
the  loop  transmission  function.  Right-half-plane  poles  are 
not  cancelled. 

PAPER  16:  T  SADECHI 

Question: 

Have  you  done  any  work  regarding  real-time 
implementations  of  the  Bierman  estimator,  since  there  is 
a  large  computational  overhead? 

Answer: 

No.  We  are  in  the  process  of  putting  together  a  real-time 
simulator  with  flight  control  laws  in  external  and 
dedicated  R3000  CPUs  with  quadruple  redundancy. 

Question: 

When  does  y  drop  below  0.5.  does  this  influence  the 
rank  of  B? 

Answer: 

y  drops  below  0.5  when  both  surfaces  of  a  pair  have 
been  failed  or  damaged.  When  y  =  0  (i.e.,  both  surfaces 
in  a  pair  failed),  then  rank  of  B  is  droped  by  1,  y  =  0  or 
y  <  0.5  represents  very  rare  failure  scenarios  and  often 
the  multiple  failure  cases. 

Question: 

How  efficient  is  the  pseudo  inverse  computation? 

Answer: 

Using  the  Moore-Penrose  algorithm  outlined  by 
Karmarkcr  has  proven  to  be  very  reliable  and  fast. 


As  seen  from  Eq  (1 1)  the  output  is  composed  of  two 
components:  a  "tracking"  and  a  "disturbance"  output. 


D3-2 


PAPER  17:  R  F  STENGEL 

Question: 

How  difficult  is  it  to  generate  G*(x)  for  an  aircraft 
system?  Does  it  have  to  match  G{x)  closely? 

Answer: 

The  original  system  equation  is 
X  =  f(x)  +  G(x)u 

In  general,  x  has  dimension  (n  X  1),  u  has  dimension 
(m  X  1),  and  G(x)  is  non-square  (n  X  m).  Consequently, 
G(x)  is  not  strictly  invertible,  although  various  pseudo¬ 
inverses  can  be  defined.  Given  an  m-dimensional  output 
vector, 

y  =  Hx 

it  is  possible  to  define  an  output  derivative  equation, 
yo*  ==  f*(x)  =  G*(x)u 

for  which  G*(x)  is  square  (m  X  m)  and  invertible. 
Equations  for  G*(x)  are  given  for  alternate  definitions  of 
the  output  matrix  H  in  Ref.  105  (where  G*(x)  is  called 
B*(x)  and  H  is  called  C).  These  relationships  are 
straightforward;  however,  on-line  evaluation  is  based  on 
a  full,  diferentiable,  nonlinear  model  of  aircraft 
aerodynamics.  Unless  H  is  the  identity  matrix  and  m  =  n, 
G(x)  and  G*(x)  are  quite  different,  both  in  dimension 
and  numerical  definition;  therefore,  they  do  not  match 
each  other  in  any  obvious  way. 

Question:(about  the  film) 

I  have  been  surprised  at  the  amount  of  numerical  data 
which  appears  on  the  HUD.  This  reminds  me  of  a  report 
1  read,  some  5  years  ago,  on  an  F-18  accident.  One 
conclusion  of  the  report  was  that  the  attention  of  the 
pilot  was  called  by  numerical  values  (here  the  IAS, 
because  he  experienced  a  minor  problem  on  the 
afterburner).  The  report  justifies  its  recommendation  by 
the  following  fact:  to  read  numerical  values  you  need  the 
foveal  vision  which  is  controlled  by  the  brain,  and  the 
information  goes  to  it;  it  needs  1/10  to  1/S  of  a  second; 
the  "analog-type"  data  ate  extracted  by  the  peripheral 
vision  and  do  not  "mobilize"  the  braia  I  am  prepared  to 
share  this  conclusion;  however,  the  pilot  has  to  know  its 
speed! 

Answer: 

Many  tests  of  human  control  reveal  that  experienced 
pilots  perform  well  with  a  minimal  amount  of  displayed 
information  and,  where  possible,  that  this  information 
should  be  displayed  in  analog  fashion.  The  pilots  find 
additional  data  to  be  extraneous  and  distracting.  Less 


experienced  pilots  can  benefit  from  explicit  display  of 
more  information,  but  as  their  skills  increase,  they  too 
tend  to  favor  sparse,  analog  displays.  Furthermore,  it  can 
be  shown  that  there  is  a  workload/opinion  tradeoff 
between  display  and  control-system  complexity  for  a 
fixed  task:  given  a  more  complex  controller,  the  pilot 
performs  as  well  with  simpler  displays.  It  appears  to  be 
desirable  to  reduce  the  pilot’s  need  to  perform 
compensatory  tracking  tasks,  particularly  those  that  can 
be  performed  as  well  or  better  by  automatic  systems. 
When  that  is  not  possible,  information  display  should  be 
tailored  to  the  likely  skill  levels  of  the  human  operator. 

PAPER  18:  L  A  WALCHLI 

Question: 

You  mentioned  an  instability  of  35%  for  the  X-28.  High 
instability  has  aerodynamic  advantages,  but  requires  high 
control  power  and  high  rate  activators.  Qthers  suggest 
15-20%  instability  is  closer  to  optimum.  Can  you 
comment? 

Answer: 

The  X-29  is  a  technology  demonstrator  and  was 
specifically  designed  to  explore  the  limits  of  relaxed 
static  stability.  The  aircraft  was  configured  to  safely  fly 
-35%  margin.  It  produced  significant  performance 
benefits  -  reduced  drag,  high  lift,  and  excellent 
manoeuvrability.  However,  the  integration  of  RSS  with 
the  specific  X-29  technology  suite  produced  these  results. 
An  RSS  of  -15  to  -20%  on  some  other  configuration  may 
be  optimal  for  that  specific  configuration. 

Question: 

You  showed  jets  or  blowing  for  control  at  High  AoA. 
How  does  it  compare  with  thrust  vectoring? 

Answer: 

The  Vortex  Flow  Control  (VFC)  concept  is  being  flown 
on  the  high  AoA  X-29  testbed  as  a  proof-of-concept 
experiment  To  date  it  is  performing  well  and  is 
supplying  the  data  necessary  to  incorporate  this  new 
control  effector  into  the  flight  control  system.  Multi-axis 
thrust  vectoring  is  more  mature  and  may  be  superior. 

VFC  uses  a  lightweight  system,  a  small  amount  of 
engine  bleed  air  through  an  accumulator,  is  not  totally 
dependent  on  engine  operation  (emergency  consideration) 
and  should  be  simpler  to  incorporate  into  the  flight 
control  system. 

COMMENT  ON  PAPER  17: 

My  comment  is  that  with  all  the  new  technology,  why  do 
we  still  crash  aircraft?  There  was  the  SAAB  Viggen  and 
recently  the  YF-22  in  the  USA.  There  is  a  large  data 
base  of  what  pilots  like  and  what  they  do  not  like.  I  see 
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Discussion 

SESSION  III  -  QUESTIONS  &  ANSWERS  (PAPERS  13,  15,  16,  17,  18) 


PAPER  13:  J  E  JENKINS 

Question: 

Can  you  briefly  explain  what  you  meant  by  the  bad 
effect  of  using  higher-order  derivatives  being  to 
introduce  extraneous  roots? 

Answer: 

TTie  stability  derivative  approach  can  be  shown  to  be 
equivalent  to  the  first  representing  the  aerodynamic 
reactions  by  indicial  responses  and  summing  these 
through  the  ,'jperposition  (convolution)  integral.  Second, 
the  superposition  integral  is  approximated  by  an 
asymptotic  expansion  (valid  for  sufficiently  slow 
motions).  The  terms  of  the  expansion  have  a  one-to-one 
correlation  with  terms  of  the  Taylor  series  expansion  of 
the  aerodynamic  forces  with  respect  to  the  motion 
variables  (stability  derivatives).  Thus,  when  this 
representation  is  put  into  the  equations  of  motion,  the 
effect  is  to  change  the  characteristic  equation  for  the 
system  from  a  transcendental  equation  to  a  polynomial. 
Increasing  the  number  of  terms  retained  in  the  expansion 
increases  the  polynomial  degree  and  thus  the  number  of 
roots.  Therefore,  extraneous  roots  (not  belonging  to  the 
transcendental  equation)  can  be  introduced.  Some  of 
these  will  be  in  the  right-half  plane  and  the  solution  will 
"blow-up". 

PAPER  15:  C  H  HOUPIS 

Question: 

How  do  you  choose  W,  the  squaring  down  matrix? 
Answer: 

By  an  understanding  of  the  physical  nature  of  the  plant 
to  be  controlled.  Currently  positive  and/or  negative  or 
zero  values  are  used  for  the  elements  of  W  -  a  "trial  and 
enor"  approach.  Research  needs  to  be  done  on 
developing  an  "optimum"  technique  for  choosing  these 
elements. 

Question: 

How  do  you  generate  the  bonds  on  Yii/5ii  for  MIMO 
systems? 

Answer: 


Tracking  and  disturbance  bands  are  obtained  for  each 
component,  based  on  the  specifications  (see  References  8 
&  10). 

Question: 

How  complex  are  the  compensations  G  and  F?  Do  they 
cancel  the  non-minimum  phase  poles  in  P? 

Answer: 

The  order  of  the  compensations  are  very  reasonable  when 
the  nominal  plant  is  the  starting  point  for  synthesizing 
the  loop  transmission  function.  Right-half-plane  poles  are 
not  cancelled. 

PAPER  16:  T  SADEGHI 

Question: 

Have  you  done  any  work  regarding  real-time 
implementations  of  the  Bierman  estimator,  since  there  is 
a  large  computational  overhead? 

Answer: 

No.  We  are  in  the  process  of  putting  together  a  real-time 
simulator  with  flight  control  laws  in  external  and 
dedicated  R3(X)0  CPUs  with  quadruple  redundancy. 

Question: 

When  docs  y  drop  below  0.5,  does  this  influence  the 
rank  of  B? 

Answer: 

Y  drops  below  0.5  when  both  surfaces  of  a  pair  have 
been  failed  or  damaged.  When  y  =  0  (i.e.,  both  surfaces 
in  a  pair  failed),  then  rank  of  B  is  droped  by  1.  y  =  0  or 
y  <  0.5  represents  very  rare  failure  scenarios  and  often 
the  multiple  failure  cases. 

Question: 

How  efFicient  is  the  pseudo  inverse  computation? 

Answer: 

Using  the  Moore-Penrose  algorithm  outlined  by 
Karmarker  has  proven  to  be  very  reliable  and  fast 


As  seen  from  Eq  ( 1 1 )  the  output  is  composed  of  two 
components:  a  "tracking"  and  a  "disturbance"  output. 
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PAPER  17:  R  F  STENGEL 
Question: 

How  difficult  is  it  to  generate  G*(x)  for  an  aircraft 
system?  Does  it  have  to  match  G(x)  closely? 

Answer: 

The  original  system  equation  is 
X  =  f(x)  +  G(x)u 

In  general,  x  has  dimension  (n  X  1),  u  has  dimension 
(m  X  1),  and  G(x)  is  non-square  (n  X  m).  Consequently, 
G(x)  is  not  strictly  invertible,  although  various  pseudo¬ 
inverses  can  be  defined.  Given  an  m-dimensional  output 
vector, 

y  =  Hx 

it  is  possible  to  define  an  output  derivative  equation. 


experienced  pilots  can  benefit  from  explicit  display  of 
more  information,  but  as  their  skills  increase,  they  too 
tend  to  favor  sparse,  analog  displays.  Furthermore,  it  can 
be  shown  that  there  is  a  workload/opinion  tradeoff 
between  display  and  control-system  complexity  for  a 
fixed  task:  given  a  more  complex  controller,  the  pilot 
performs  as  well  with  simpler  displays.  It  appears  to  be 
desirable  to  reduce  the  pilot’s  need  to  perform 
compensatory  tracking  tasks,  particularly  those  that  can 
be  performed  as  well  or  better  by  automatic  systems. 
When  that  is  not  possible,  information  display  should  be 
tailored  to  the  likely  skill  levels  of  the  human  operator. 

PAPER  18:  L  A  WALCHLI 

Question: 

You  mentioned  an  instability  of  35%  for  the  X-28.  High 
instability  has  aerodynamic  advantages,  but  requires  high 
control  power  and  high  rate  activators.  Others  suggest 
15-20%  instability  is  closer  to  optimum.  Can  you 
comment? 


y"  ==  f»(x)  =  G*(x)u 


Answer: 


for  which  G*(x)  is  square  (m  X  m)  and  invertible. 
Equations  for  G*(x)  arc  given  for  alternate  definitions  of 
the  output  matrix  H  in  Ref.  105  (where  G*(x)  is  called 
B*(x)  and  H  is  called  C).  These  relationships  are 
straightforward;  however,  on-line  evaluation  is  based  on 
a  full,  diferentiable,  nonlinear  model  of  aircraft 
aerodynamics.  Unless  H  is  the  identity  matrix  and  m  =  n, 
G(x)  and  G*(x)  are  quite  different,  both  in  dimension 
and  numerical  definition;  therefore,  they  do  not  match 
each  other  in  any  obvious  way. 

Question:(about  the  film) 

I  have  been  surprised  at  the  amount  of  numerical  data 
which  appears  on  the  HUD.  This  reminds  me  of  a  report 
1  read,  some  5  years  ago,  on  an  F-18  accident.  One 
conclusion  of  the  report  was  that  the  attention  of  the 
pilot  was  called  by  numerical  values  (here  the  IAS, 
because  he  experienced  a  minor  problem  on  the 
afterburner).  The  report  justifies  its  recommendation  by 
the  following  fact:  to  read  numerical  values  you  need  the 
foveal  vision  which  is  controlled  by  the  brain,  and  the 
information  goes  to  it;  it  needs  1/10  to  1/5  of  a  second; 
the  "analog-type"  data  are  extracted  by  the  peripheral 
vision  and  do  not  "mobilize"  the  brain.  I  am  prepared  to 
share  this  conclusion;  however,  the  pilot  has  to  know  its 
speed! 

Answer: 

Many  tests  of  human  control  reveal  that  experienced 
pilots  perform  well  with  a  minimal  amount  of  displayed 
information  and,  where  possible,  that  this  infornution 
should  be  displayed  in  analog  fashion.  The  pilots  find 
additional  data  to  be  extraneous  and  distracting.  Less 


The  X-29  is  a  technology  demonstrator  and  was 
specifically  designed  to  explore  the  limits  of  relaxed 
static  stability.  The  aircraft  was  configured  to  safely  fly 
-35%  margia  It  produced  significant  performance 
benefits  -  reduced  drag,  high  lift,  and  excellent 
manoeuvrability.  However,  the  integration  of  RSS  with 
the  specific  X-29  technology  suite  produced  these  results. 
An  RSS  of  -15  to  -20%  on  some  other  configuration  may 
be  optimal  for  that  specific  configuration. 

Question: 

You  showed  jets  or  blowing  for  control  at  High  AoA. 
How  does  it  compare  with  thrust  vectoring? 

Answer: 

The  Vortex  Flow  Control  (VFC)  concept  is  being  flown 
on  the  high  AoA  X-29  testbed  as  a  proof-of-concept 
experiment.  To  date  it  is  performing  well  and  is 
supplying  the  data  necessary  to  incorporate  this  new 
control  effector  into  the  flight  control  system.  Multi-axis 
thrust  vectoring  is  more  mature  and  may  be  superior. 
VFC  uses  a  lightweight  system,  a  small  amount  of 
engine  bleed  air  through  an  accumulator,  is  not  totally 
dependent  on  engine  operation  (emergency  consideration) 
and  should  be  simpler  to  incorporate  into  the  flight 
control  system. 

COMMENT  ON  PAPER  17: 

My  comment  is  that  with  all  the  new  technology,  why  do 
we  still  crash  aircraft?  There  was  the  SAAB  Viggen  and 
recently  the  YF-22  in  the  USA.  There  is  a  large  data 
base  of  what  pilots  like  and  what  they  do  not  like.  I  see 


experiment.  To  date  it  is  performing  well  and  is 
supplying  the  data  necessary  to  incorporate  this  new 
control  effector  into  the  fli^t  control  system.  Multi-axis 
thrust  vectoring  is  more  mature  and  may  be  superior. 
VFC  uses  a  lightweight  system,  a  small  amount  of 
engine  bleed  air  ihrou^  an  accumulator,  is  not  totally 
dependent  on  engine  operation  (emergency  consideration) 
and  should  be  simpler  to  incorporate  into  the  flight 
control  system. 
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1 4.  Abstract 

This  volume  contains  the  18  unclassified  papers,  presented  at  the  Guidance  and  Control  Panel 
Workshop  held  at  ONERA,  Centre  de  Fauga  —  Mauzac  (Toulouse),  France,  23rd— 25th  June 
1992. 


The  papers  were  presented  covering  the  following  headings: 

•  Fundamental  Aspects  of  Stability  with  Examples; 

•  Basic  Theoretical  Aspects  and  Chaos; 

•  Applications  to  Aerospace  Techniques. 
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The  papers  were  presented  covering  the  following  headings:  The  papers  were  presented  covering  the  following  headings; 

•  Fundamental  Aspects  of  Stability  with  Examples;  •  Fundamental  Aspects  of  Stability  with  Examples; 

•  Basic  Theoretical  Aspects  and  Chaos;  •  Basic  Theoretical  Aspects  and  Chaos; 

•  Applications  to  Aerospace  Techniques.  •  Applications  to  Aerospace  T echniques. 


